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1Foreword 
My thesis research concerns the physical and chemical properties of a visible light 
photoswitch. Simply put, fluorescence photoswitching is an engineered phenome-
non that adds value to the natural phenomenon of fluorescence. A switchable 
fluorophore outputs a modified fluorescence signal in response to external light of 
a specific wavelength and intensity. Over the past decade, part of Professor Har-
bron’s research has involved the design and characterization of novel photoswitch-
able systems with a wide range of potential applications, from environmental mer-
cury detection to cellular fluorescence microscopy. Since joining the Harbron 
group in 2014, I have improved, modified, and studied a novel photoswitch which 
I termed the CPN–MC system. My thesis will focus on explaining the physical and 
chemical interactions within the system that lead to its unique functionality. 
The main body of the thesis is not intended to report any specific finding that could 
lead to the improvement of a technology. It rather stands as an account of my sci-
entific process. In the introduction, I will trace out the background of my research, 
detailing the crucial applications that motivate my study. I will also outline the 
paradigm and examples that inspired our design. Part II describes the system in 
a gestural fashion. It draws on known information to raise questions and devise 
reasonable hypotheses. Part III tests these hypotheses through controlled experi-
mentation. It will also present some further conjectures from preliminary analyses 
of the data. Part IV formally interprets the data with a mathematical model, and 
concludes by showing both its explanatory power and its glaring deficiencies. Part 
V connects the findings from Part IV to my initial motivation. From there, I will 
present my outlook for the application of both the photoswitch and the general 
paradigm that emerged from its underlying principles. 
 ref. 1 L  2 L  3 L

3Part I
Introduction
Modern-day science is a unique tradition of knowledge, insomuch as it openly 
admits collective ignorance regarding the most important questions. 
   —Yuval Noah Harari, Sapiens: A Brief History of Hamnkind
4Most of the research on photoswitching has been fueled by the need to overcome 
the diffraction limit in optical microscopy. Biologists use fluorescent probes to 
image microscopic cellular features in order to study their structure and dynamics. 
Since the physical resolution of any optical imaging experiment is limited by the 
wavelengths of visible light—hundreds of nanometers, resolving finer features must 
rely on a combination of time-domain experiments and computational methods to 
further localize the fluorescent probe.
To overcome the diffraction limit, the idea of photoswitching emerged as a viable 
approach. If multiple fluorophores attached to a cellular structure are impossible to 
resolve simultaneously, we may switch them on sequentially, thus deriving a more 
precise location for each by averaging its fluorescence signal through time. Meth-
ods built on this concept include stochastic optical reconstruction microscopy 
(STORM) and photoactivated localization microscopy (PALM), both using sto-
chastic signals from activated fluorophores to construct a super-resolution image 
of the entire scene. 
Since the emergence of single-molecule super-resolution microscopy, chemists 
have striven to tailor photoswitchable molecules to meet the growing need of 
imaging applications. A good photoswitch is efficient, reliable, and versatile. Sev-
eral key challenges stand as limiting factors to the quality and applicability of pho-
toswitchable systems. The spatial and temporal brightness of the fluorophore limits 
the signal intensity. The regularity of the reversible signal directly limits the efficacy 
of any signal-noise separation algorithm. Whereas a reversible photoswitchable 
system may provide excellent signal strength over multiple cycles, controlled pho-
tobleaching can be harnessed to non-invasively terminate a switching experiment. 
Photoswitchable systems that can be accessed with visible light input are also 
highly sought after, as the often used UV irradiation tends to damage cell organ-
isms. 
 ref. 1 L  
 ref. 4 L  5 L  6 L
 Figure 1.1
(A) Total internal reflection fluorescence 
microscopy (TIRF) and (B) PALM images of the 
same region within a cryo-prepared thin sec-
tion from a COS-7 cell expressing the lysosom-
al transmembrane protein CD63 tagged with 
the PA-FP Kaede. C and D show magnified 
portions of B, revealing fine details down to a 
resolution of 10 nm. From Figure 2 in ref. 7 L  
Reprinted with permission from AAAS. 
 Figure 1.2
Basic scheme of a stochastic fluorescence imag-
ing experiment. Random, sequential activation 
of discrete fluorophore throughout the imaging 
area ensures the precise localization of each 
fluorophore. The final composite image thus 
has a much higher resolution than if adjacent 
fluorophores were imaged simultaneously. 
From ref. 6 L  © 2016 Nikon Instruments Inc.
51.1 Basic Paradigm of Photoswitchable Systems
Fluorescence by itself is the release of photons in response to photon stimulation. 
In this sense, any stable fluorophore is already a photoswitch. However, due to the 
inherent microsecond lifetime of the excited state prior to a fluorescence event, the 
off-to-on process is too short for any practical application. As a result, the key to 
generating photoswitchable fluorescence is to establish a stable dark state for the 
fluorophore that cannot be stimulated by the photons intended for readout. 
In the first paradigm, chemists achieve the dark state by chemically disrupting the 
structural feature that enables fluorescence in the first place. The disrupted struc-
ture has a drastically reduced fluorescence quantum yield, allowing light-induced 
re-assembly of the fluorescent structure to effectively turn on the fluorescence. The 
second paradigm connects the fluorophore to a quencher molecule. Most examples 
harness Förster resonance energy transfer (FRET) as the energy bridge between 
the two. From a chemist’s point of view, this approach has proven to be far more 
flexible and versatile than the single fluorophore alternative. It separates the fluoro-
phore from the quencher molecule which functions as the photoswitch. The pho-
toswitch now does not have to be fluorescent by itself. As a FRET acceptor, it needs 
only to isomerize between two forms with distinct absorption properties in order 
to alter the energy budget of the fluorophore upon readout. Jares-Erijman termed 
this specialized form of FRET as photochromic FRET (pcFRET). Her seminal 
paper in 2002 reported a class of stable diheteroarylethene derivatives, each with 
one photoisomer capable of quenching the fluorescence of Lucifer Yellow cadav-
erine (LYC) through FRET, while the other photoisomer has no quenching effect. 
The diheteroarylethene moiety is chemically linked to the single-molecule fluo-
rophore through amide condensation, and on-to-off photoswitching is observed 
when the dye photoisomerizes to the quenching form under UV irradiation. The 
 ref. 2 L
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 For the first paradigm, 
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6reverse reaction takes place under visible light irradiation, and the fluorescence is 
switched on as the FRET acceptor isomerizes back to its non-quenching form. 
1.2 Efficient Energy Transfer in Conjugated Polymer Nanoparticles 
Conjugated polymer nanoparticles (CPNs) exhibit both a high emission density 
per unit molecular weight and a relatively stable fluorescence reading under con-
tinuous excitation. As such, these bright and photostable fluorophores could 
potentially function as the donor particle in a pcFRET-type photoswitchable sys-
tem. McNeill et al reported their synthesis and characterization of poly[2-me-
thoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene] (MEH–PPV) nanoparticles in 
2005. The polymer structure contains a long π-conjugated backbone with phenyl 
rings attached at regular intervals in conjugation with the backbone. They prepared 
polymer nanoparticles using a reprecipitation procedure. In the resulting aqueous 
suspension, the CPNs demonstrated extraordinary absorbance and fluorescence.
By introducing a bright CPN fluorophore into the pcFRET paradigm of pho-
toswitching, researchers designed photoswitches that would maximize fluores-
cence switching with minimal chemical action. By switching only a small amount 
of dye particles in close proximity to the CPN fluorophore, the fluorescence char-
acteristics of the CPN should change dramatically. Older systems that harness 
pcFRET for the purpose of photoswitching often required covalent bonding 
between the FRET donor and acceptor. The process of synthesis can be tedious, but 
the relative position and stoichiometry of the donor-acceptor pair are better 
known. In contrast, dye-doped CPN systems are made through mixed dissolution 
in an organic solvent followed by reprecipitation in water. The preparation is much 
less time-consuming, but the resultant system geometry and stoichiometry can be 
hard to gauge. Despite its disadvantages, the dye-doped CPN model proves supe-
rior with its compositional versatility, high switching efficiency, and robust revers-
ibility.
In 2009, our group reported a MEH–PPV nanoparticle system doped with a spiro-
oxazine dye which switches to its merocyanine isomer upon UV irradiation. When 
the dye-doped CPN system was exposed to UV irradiation for 10 seconds, the 
fluorescence of the CPN was switched off. But since the merocyanine thermally 
isomerizes back to the non-quenching spirooxazine form, CPN fluorescence recov-
ered after the UV light source was removed. This system accomplished reversible, 
off-to-on switching with single wavelength light. It economized the energy input 
required to reach a high level of fluorescence modulation.
1.3 The Case for Visible Light 
For true in vivo applications of the dye-doped CPN model, both switching and 
detection must preferably be performed using visible light, which has lower photo-
toxicity to living organisms than UV light. In this respect, the pcFRET paradigm 
has a clear advantage over single-molecule systems. With increasing length of 
π-conjugation, fluorescent photochromic molecules tend to lose their flexibility to 
perform intramolecular reactions upon the absorption of photons. In contrast, to 
 For McNeill's studies on 
dye-doped CPN system, 
see ref. 13 L  14 L  15 L  
16 L
 ref. 1 L  18 L  19 L  
            20 L  
 For published studies on 
dye-doped CPN systems 
from our group, see ref. 21 
L  22 L  23 L  24 L  25 L
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7develop a visible light switchable system under the CPN-dye paradigm only 
requires small, non-fluorescent photochromes which react upon visible light stim-
ulus and do not require UV light in any stretch of the experiment. If such a photo-
chrome can be incorporated into a visible light excitable CPN, and the FRET over-
lap allows one of the two isomers of the dye to accept energy from the 
CPN, then the dye-doped CPN system can theoretically be switched on 
and off using only visible light.
Frank et al reported a class of reverse photochromic spirooxazine (SO) 
derivatives with two interconvertible metastable isomers. The closed 
SO form does not absorb below 400 nm, but the open merocyanine 
(MC) form absorbs strongly around 560 nm when dissolved in THF. In 
contrast to traditional SO photochromes which require UV irradiation 
to open into their colored MC forms, these new derivatives exhibit 
thermally stable MC forms in polar solvents due to the charge stabiliza-
tion effect of an adjacent azahomoadamantane group. As a result, visible light 
irradiation that excites the MC form is required to convert the substrate to its 
colorless isomer, while the reverse reaction occurs at room temperature with a 
reasonable rate (t½ ~10 s). When they covalently bonded these reverse photo-
chromes to fluorescent BEPA and BODIPY substrates, the resulting dyads showed 
fluorescence quenching between the MC isomer of the dye and the fluorescent 
substrate. Consequently, they were able to modulate fluorescence emission at a 
shorter wavelength using longer wavelength irradiation that promotes the photo-
chromic reaction MC → SO. 
The photoswitchable system at the center of this thesis combines the unique dye 
species that Frank et al reported with conjugated polymer nanoparticles. In 2014, 
my student mentor, Christian Chamberlayne, prepared a CPN sample from 
poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1’-3}-thiadiazole)] (PFBT) 
and doped it with one of the stable merocyanine molecules that Aiko Kurimoto 
from the Frank group had synthesized. Preliminary testing showed some fluores-
cence modulation when the sample was irradiated with blue light. Since then, I 
have improved the performance of the photoswitch and conducted experiments to 
explore the physical nature behind its photochemistry. Before touching on those 
experiments and my findings, I will first introduce how the CPN–MC system is 
prepared and present a rough sketch of its properties. 
 ref. 27 L  28 L
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9Part II
System
河伯曰：「世之議者皆曰：『至精無形，至大不可圍。』是信情乎？」
北海若曰：「夫自細視大者不盡，自大視細者不明。夫精，小之微也，垺，
大之殷也，故異便。此勢之有也。夫精粗者，期於有形者也；無形者，數之
所不能分也；不可圍者，數之所不能窮也。可以言論者，物之粗也；可以意
致者，物之精也；言之所不能論，意之所不能察致者，不期精粗焉。」
	 	 	 	 	 	 ──莊子·秋水
The Lord of the River said, “Men who debate such matters these days all claim that 
the minutest thing has no form and the largest thing cannot be encompassed. Is this 
a true statement?”
Ruo of the North Sea said, “If from the standpoint of the minute we look at what is 
large, we cannot see to the end. If from the standpoint of what is large we look at 
what is minute, we cannot distinguish it clearly. The minute is the smallest of the 
small, the gigantic is the largest of the large, and it is therefore convenient to dis-
tinguish between them. But this is merely a matter of circumstance. Before we can 
speak of coarse or fine, however, there must be some form. If a thing has no form, 
then numbers cannot express its dimensions, and if it cannot be encompassed, then 
numbers cannot express its size. We can use words to talk about the coarseness of 
things and we can use our minds to visualize the fineness of things. But what words 
cannot describe and the mind cannot succeed in visualizing – this has nothing to do 
with coarseness or fineness.”
  —“Autumn Floods” in Zhuangzi, translated by Burton Watson 
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2.1 Basic Understanding of CPN–MC System
2.1.1 Preparation
To position the MC dye particles so that they are ready to receive transferred 
energy from the CPNs, I followed a procedure of rapid nanoparticle reprecipita-
tion and dye injection. The technique of polymer nanoparticle formation by repre-
cipitation is well established in the literature. Researchers believe that, by rapidly 
submerging the hydrophobic polymer chains in water, intense electrostatic forcing 
will promote the precipitation of the polymer chains into nanoparticles. Once the 
nanoparticles are stably suspended in water, we can add in a small portion of the 
dye dissolved in an organic solvent. After the organic solvent is evaporated under 
reduced pressure, the remaining suspension should contain polymer nanoparticles 
with dye molecules doped onto their surface or even embedded inside. 
Here, I will briefly describe a typical procedure for preparing the PFBT nanopar-
ticle suspension doped with a merocyanine (MC) dye, the standard system whose 
property I will explore in detail over the rest of the thesis. A sample procedure 
using detailed measurements and customary laboratory terms is included in 
Appendix B. First, the PFBT polymer solid was dissolved in anhydrous tetrahydro-
furan (THF) and stirred overnight under argon. I then diluted this 1000 ppm solu-
tion to a 40 ppm precursor solution in anhydrous THF, before passing it through 
a 0.7 μm filter paper under reduced pressure. In the meantime, I prepared a THF 
solution of the merocyanine dye and examined its absorbance at its λmax of around 
560 nm. The absorbance reading at λmax should be adjusted to between 0.15 and 0.3 
by dilution or addition of more merocyanine solute. After both the diluted polymer 
precursor and the merocyanine solution were made, I would start the process of 
nanoparticle reprecipitation. The polymer precursor was first sonicated for 30 sec-
onds, and a 1000 μL portion was quickly injected into 8 mL of Milli-Q water. This 
mixture was subsequently sonicated for 2 minutes, before a pre-calculated amount 
35 
ppm
PFBT
in THF
1 mL
PFBT
~6% wt.
MC dye
in THF
optional additive
PAH, salt, or dye
(aq. or in THF)
CPN–MC
suspension
in H2O
optional
co-polymer
or MC dye
in THF
8 mL
H2O
dilute
0.7 μm
filter
sonicate
inject
sonicate
dope
sonicate
vacuum 
evap.
0.7 & 
0.22 μm 
filter
1000
ppm
PFBT
in THF
4–6 mL
 Figure 2.1
Schematic procedure for preparing a 
dye-doped CPN suspension. Nanoparti-
cles are formed through rapid reprecip-
itation accompanied by sonication. The 
dye and other additives are added at 
different points during the procedure. 
PAH stands for poly(allylamine hydrochloride)
 ref. 30 L  44 L
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of the merocyanine dye solution was added, so that the mass ratio between mero-
cyanine and PFBT ranges between 0.04 and 0.06. The doped mixture was sonicated 
for an additional 15 seconds, before transferred onto a vacuum line. It usually took 
between 20 and 40 minutes for THF to completely evaporate from the nanoparticle 
suspension. Once THF was removed, I filtered the mixture with both 0.7 and 0.22 
μm filter papers under reduced pressure, and collected the solution that passed 
through as the final sample. 
2.1.2 Spectroscopic Characterization
To conceptualize the interaction between photons and electrons, or light and mat-
ter, in a molecule, we have to think of quantum electronic states as discrete energy 
levels on a scale of increasing energy. A Jablonski diagram depicts the separation of 
these levels in a simplistic fashion. Transitions that occur between these energy lev-
els include absorption, emission, and non-radiative events such as relaxation and 
resonance energy transfer. Spectroscopists study these events with artificial photon 
stimuli under controlled settings to better understand the structure of the probed 
matter. Intensity measurements of absorption, emission, or scattering events are 
taken as a function of wavelength, which is a proxy for the energy of the photons 
involved. The wave-particle duality, which fundamental to the quantum mechan-
ical picture of the physical world, tells us that a photon carries momentum but 
behaves like a wave. The Planck–Einstein relation connects the energy of a photon 
with its frequency ν and wavelength λ. 
 E =hν =
hc
λ
c stands for the speed of light. 
Most of the information that I use to characterize the standard CPN–
MC sample is from its absorption spectrum in the UV–Visible range 
(200–800 nm) and its static fluorescence emission spectrum. As men-
tioned in the introduction, PFBT is short for poly[(9,9-dioctylfluore-
nyl-2,7-diyl)-co-(1,4-benzo-{2,1’-3}-thiadiazole)]. Thanks to its π-con-
jugated carbon backbone the polymer has excellent absorption and fluorescence 
properties in the visible region. Both its THF solution and its nanoparticle suspen-
sion in water show a broad absorption peak around a λmax of 460 nm, which indi-
cates the acceptable range of incoming photons that can promote the electrons in 
the π-orbital to their excited state. Upon excitation at its λmax , PFBT shows a strong 
fluorescence emission peak around 535 nm. 
The merocyanine dye species, nicknamed APESO /'eɪpsoʊ/ and APSO /'æpsoʊ/, 
were synthesized by Kurimoto et al. Their structures and isomerization properties 
were discussed at length in two journal articles published by Frank et al, and I have 
shown here the merocyanine (MC) and spirooxazine (SO) isomers of both dye 
species we used (Figure 2.3). 
When the dyes are dissolved in THF, their UV-Vis absorption spectra both show a 
strong absorption band around 560 nm. Frank et al attribute this band to the MC 
 ref. 27 L  28 L
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The absorption spectrum of the CPN–
MC system varies between samples. The 
reprecipitation and filtration procedures 
result in inconsistent CPN concentra-
tions in the final aqueous suspension. 
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The fluorescence emission spectrum 
of PFBT overlaps significantly with the 
absorption spectra of both APSO and 
APESO. Measured in THF, the absorption 
spectra of the dye species reflect mainly 
their MC isomers.  
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isomer, which has extended π-conjugation in its structure to promote visible light 
absorption. They used a sophisticated NMR technique to determine the equilib-
rium ratio between the MC and SO forms in various solvents, and concluded that 
in THF almost all of the dye molecules exist in the thermodynamically favorable 
MC form. When irradiated at its λmax, MC isomerizes to SO, which does not absorb 
at 560 nm. In Appendix B, I documented and analyzed an experiment which tracks 
the absorption of the APSO dye at 560 nm as it undergoes photoisomerization and 
thermal recovery. However, I found in my experiments that APSO tends to disfa-
vor the CPN environment. So, I performed all of the photochemical experiments 
presented in this thesis on an APESO-doped CPN system instead. 
The CPN–MC suspension shows the prominent λmax of the PFBT as well as a small 
absorption peak due to the MC dopant (Figure 2.3). To reveal the underlying 
absorption spectrum of the MC in the CPN environment, we subtract the absor-
bance due to CPN at each wavelength from the CPN–MC spectrum. Compared to 
the UV-Vis spectrum of MC in a THF solution, MC in CPN shows a red-shifted 
λmax as well as a slightly different peak shape. Aiko Kurimoto performed a deconvo-
lution study on the peak structure of the resulting MC spectrum. From the MC 
absorption spectra measured in various solvents, she had already deduced a rela-
tionship between the area of each deconvoluted peak to the changing polarity of 
 Appendix E
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The absorption spectrum of APESO–MC 
in water can be obtained by calculating 
the difference in the CPN–MC spectrum 
before and after MC photoconversion. 
The resultant spectrum is slightly differ-
ent from that in THF. 
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before MC conversion
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the solvent. The peak structure of the APESO molecule in the CPN environment 
approximates those found in solvents of high polarity. Her findings are potentially 
valuable for further studies into the nature of the MC electronic state in the CPN 
environment. 
For a fully doped CPN–MC sample, the fluorescence emission spectrum measured 
with 455 nm excitation shows significantly reduced fluorescence around 535 nm, 
in sharp contrast with the strong fluorescence peak there when the CPNs are not 
doped with MC (Figure 2.2). This phenomenon of apparent fluorescence quench-
ing is the central feature of the CPN–MC system that will be exploited to perform 
fluorescence switching. My theoretical efforts and analyses will also revolve around 
this phenomenon. Detailed discussions on quenching and energy transfer can be 
found in Section 3.2.2 and Section 4.2.3. Here, without alluding to any concrete 
data, I will strive to establish a working understanding of the phenomenon which 
helps the reader comprehend the rationale for my experimental and theoretical 
analysis.  
A fluorescence spectroscopist would intuitively explain the decrease of CPN fluo-
rescence in the presence of MC by considering the possibility of non-radiative 
energy transfer. Comparing the absorption spectrum of the MC and the fluores-
cence spectrum of the CPN, we see an overlap between their respective peaks 
(Figure 2.2). Non-radiative energy transfer processes such as FRET can occur 
between a donor and an acceptor that are closely spaced, as long as the fluores-
cence energy of the donor coincides with that required to excite the acceptor. In 
other words, when a donor and an acceptor talk on the same wavelength of light, 
the energy of the photon absorbed by the donor can be passed onto the acceptor 
without any emission of fluorescence. As a result, the more MC acceptors there are 
in and around a given nanoparticle, the less fluorescence the nanoparticle would 
emit. By modulating the amount of MC around the CPN, we can both modulate 
the fluorescence emission of the CPN–MC system and probe the efficiency of the 
energy transfer process. 
 For more background 
on FRET, see Chapters 
13–15 in ref. 32 L
abs absrelax relaxfl fl
CPN*
energy
transfer
MC*
SO
CPN*
quenched state
dark
unquenched state
bright
SO*
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2.2 Composition and Morphology
Before diving into the spectroscopic experiments and analyses, I must address a 
key physical characteristic of the CPN–MC system—morphology. These micro-
scopic particles are so small that only electron microscopes can report back what 
they would have looked like if our photon-sensitive eyes were able to see them. It is 
customary for physical chemists to probe the morphology of small novel particles 
with transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), or atomic force microscopy (ATM). All these techniques require plating the 
particles onto a solid support material, which would radically modify our system. 
Apart from destroying all useful properties other than morphology, the destructive 
preparation process and microscopy experiments are costly and complicated to 
conduct. Our group has previously performed AFM measurements on nanoparti-
cles that were deposited onto a film support, and numerous studies on nanoparti-
cle morphology can be found in the literature. At my disposal, however, the only  
technique for probing nanoparticle morphology is a dynamic light scattering 
instrument, or DLS, which measures the size of particles in liquid suspension on a 
nm to μm scale. Using DLS data and UV-Vis spectroscopy, I calculated the average 
amount of dye particles per CPN. My method of calculation largely reproduces 
Professor Harbron’s calculation. 
The DLS instrument irradiates the sample with a low energy laser beam and tracks 
the scattered light response. In a dilute solution, suspended particles are the only 
source of scattered light. Assuming that the particles are spheres, the average rate 
of their Brownian motion is inversely proportional to their size. By generating 
a correlation function from measurements of scattered intensity at regular time 
intervals, the inbuilt algorithm can deduce a weighted distribution for the rate of 
particle motion, and thus calculating a size distribution of the particles. Details 
about the DLS instrument can be found in its manual, and the parameters I used  
for sizing experiments are in my lab notebook. 
DLS sizing results show that the PFBT nanoparticles average around 13.5 nm in 
diameter (Figures 2.5). Assume that the nanoparticles are spheres with a uniform 
density of ρ = 0.8 g mL-1, we can calculate the molecular weight of each particle
 ref. 22 L  25 L
 SI of ref. 29 L
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 Figure 2.5
DLS sizing results of PFBT 
nanoparticles. Both sam-
ples contain the co-polymer 
PVB-VA-VA. 
VL92Ac
undoped CPN
VL91Bb
APESO-doped 
CPN
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 MWCPN =
4
3 πr
3ρNA = 621000gmol-1
The average molecular weight of the PFBT solid is marked as 138000 g mol-1 on 
the bottle. Therefore, the average number of PFBT molecules or chains in one 
nanoparticle is
 
621000gmol-1
138000gmol-1 = 4.5
The number of dye particles present in the solution can be calculated using the 
Beer–Lambert law, which states that, in a dilute solution, the absorbance reading 
due to a certain solute is proportional to the concentration of that solute, if the 
path length l through the sample is held constant.
 Abs = εAl[A] ,
where εA is a proportionality constant named the molar absorptivity, or extinction 
coefficient. Frank and Kurimoto reported εMC = 24000 M-1 cm-1 for the λmax of 
APESO in water. Using sample VL116 as an example, we take its absorbance read-
ing at 570 nm, correct for the absorbance due to CPN, and calculate the concentra-
tion of MC in the CPN suspension
[MC]= Abs570 − AbsCPN 570
εMCl
=
0.0207 - 0.00356
(24000M-1cm-1)(1cm) = 7.14×10
−7 M  ,
where the path length l through our cuvette is the standard 1 cm. 
We can estimate the molar concentration of PFBT in the nanoparticle suspension  
using the Beer–Lambert law, or calculate it from the mass of the starting material 
and the known concentrations of successive dilutions. Both methods are flawed. In 
our preparation process, an unquantifiable amount of PFBT is lost after each filtra-
tion, making the concentration calculated from the starting mass of the polymer 
an overestimate. Using the Beer–Lambert law requires prior knowledge of the 
extinction coefficient of PFBT in water, which is ultimately an estimate derived 
from similar stoichiometric calculations and prone to the same kind of error. Chiu 
et al reported their estimate of εPFBT for nanoparticles with a diameter of 15 nm as 
107 M-1 cm-1 at 488 nm, while McNeill et al calculated 1.5 × 108 M-1 cm-1 for 30 nm 
particles at 473 nm. I opt to use Chiu’s estimate because the size of our particles 
closely matches theirs. 
 [PFBT]= Abs
εPFBT l
=
0.292
(107 M-1cm-1)(1cm) = 2.92×10
−8M
And so,
 
[MC]
[PFBT] = 24.5
Therefore, for each PFBT chain, there are on average 24.5 dye molecules. Since 
every 4.5 chains form a nanoparticle, we can roughly say that there are 24.5 × 4.5 ≈ 
110 dye molecules per nanoparticle in our standard system
Beyond the rough estimation offered above, our hands are tied. Several key ques-
tions regarding the morphology of the CPN–MC system have direct bearing on 
 Appendix E
 Chiu et al. ref. 33 L
 McNeill et al. ref. 14 L  34 L
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the electronic properties that photochemists are interested in. First, the nanoparti-
cles cannot be perfect spheres. Their physical anisotropy may result in an uneven 
spatial and temporal distribution of absorption events. Jiang and McNeill in their 
latest review article cite the vastly variable conformations of homopolymer chains, 
as well as the different shapes and sizes of PFBT nanoparticles observed under 
SEM (Figures 2.6 and 2.7). The relative position of dopant molecules in a nanopar-
ticle controls the accessibility of fluorescence donors within the particle. By chang-
ing the input composition, altering the order of addition, or swelling the nanopar-
ticles, researchers have been able to probe the effect of nanoparticle size and the 
relative position of dopant particles on the energy transfer property between the 
two. At the beginning of the project, I tried to mix the dye and the polymer precur-
sor solutions in THF before injecting the mixture into water for reprecipitation, so 
that presumably more dye particles would be embedded in the nanoparticle. I also 
attempted to dope the nanoparticles with different dye concentrations. However, 
neither attempt yielded samples that were well controlled in other systematic 
parameters. Different portions of the dye or the polymer solution were filtered out 
in different trials, resulting in vastly different doping percentages as examined by 
UV-Vis absorption spectroscopy. Therefore, using my experimental results, it is 
difficult to examine any hypothesis relating the morphology of the CPN–MC sys-
tem to the energy transfer properties observed.
 ref. 37 L
 ref. 38 L  39 L
a b c d
 Figure 2.6
SEM images of PFBT nanoparticles with differ-
ent shapes and sizes. The shapes of these CPNs 
changes from (a) 30 nm spheres to (b) ellipsoids 
with an aspect ratio of 2.2, and back to (c) 70 nm 
spheres. (d) Irregular particles with size larger than 
120 nm. The white bar represents 100 nm in each 
plot. From ref. 35 L  Reprinted by permission from 
Macmillan Publishers Ltd: Nature Materials © 2005
 Figure 2.7
Six typical conformations of a 100-segment 
homopolymer. From ref. 36 L  Reprinted by 
permission from Macmillan Publishers Ltd: 
Nature © 2000
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Part III
Observation
The empirical basis of objective science has thus nothing ‘absolute’ about it. Science 
does not rest upon solid bedrock. The bold structure of its theories rises, as it were, 
above a swamp. It is like a building erected on piles. The piles are driven down 
from above into the swamp, but not down to any natural or ‘given’ base; and if we 
stop driving the piles deeper, it is not because we have reached firm ground. We 
simply stop when we are satisfied that the piles are firm enough to carry the struc-
ture, at least for the time being. 
  —Karl Popper, The Logic of Scientific Discovery (1959)
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3.1 Fluorescence Switching
3.1.1 Basic Observations and Rationale for Further Experimentation
Christian Chamberlayne and I conducted some preliminary studies on the CPN–
MC system for his honors thesis in 2015. We tracked the fluorescence intensity of 
the sample in the fluorimeter as it was being excited by a monochromatic instru-
ment beam at the λmax of the CPN. For a fully doped CPN–MC system, as dis-
cussed in Section 2.1.2, its fluorescence reading was significantly lower than that 
observed for blank CPN samples of the same concentration. However, as we irradi-
ated the sample with a blue lamp, we saw an immediate enhancement in its fluo-
rescence intensity. Once the lamp was removed, fluorescence reading slowly 
decayed to slightly higher than the level before irradiation. The decay process is 
referred to as dark recovery. We repeated several cycles of off-to-on fluorescence 
switching and dark recovery by turning on and off the external light source, before 
the fluorescence reading cannot satisfactorily recover to anywhere close to the 
initial level (Figure 3.1). When we repeated the same experiment on the UV-Vis 
spectrophotometer, we found that, immediately after irradiation, the absorption 
spectrum of the system showed a significant decrease at the peak around 570 nm, 
which was attributed to the π–π* transition of the MC isomer. After dark recovery, 
the MC peak almost completely recovered to its pre-irradiation level (Figure 3.2). 
These preliminary findings indicated to us that external blue irradiation was driv-
ing the MC → SO photochromic conversion, which we could monitor quantita-
tively as the absorbance reading at the λmax of MC. In the meantime, the photo-
chromic conversion must be related to the enhancement of fluorescence, as they 
occurred concurrently (Figures 3.3–4). 
The objective of the early experiments on the photoswitchable system was to 
achieve maximum reversibility over many cycles. By optimizing the doping 
procedure and increasing the doping percentage, we were able to achieve a dark 
equilibrium state whose fluorescence intensity was only 1.4% of blank CPNs. 
Following the practice of previous group members, we mixed a small percentage of 
the polymer PVB-VA-VA into the PFBT polymer precursor and purged the sample 
with argon. The resultant CPN–MC samples demonstrated extraordinary robust-
ness over numerous cycles of switching and recovery. Detailed results from the 
switching experiments were reported in our published communication. 
To understand fluorescence switching, I focused my effort on kinetic experiments 
which tracked the absorbance or fluorescence of the CPN–MC system at any 
given wavelength during both continuous irradiation and dark recovery. Relying 
on some basic understanding of chemical kinetics, I sought to mathematically 
model the change of MC absorbance and CPN fluorescence through time. In the 
meantime, because we had established a qualitative connection between decreas-
ing MC absorbance and increasing CPN fluorescence, I also attempted to link the 
two quantities in a more precise fashion. Christian understood that CPNs harvest 
energy from external irradiation, analogous to how antennas receive radio waves. 
 ref. 30
 ref. 29 L
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 Figure 3.1
Without the PVB-VA-VA co-polymer 
or purging with Ar, the dark state of 
the CPN–MC system quickly erodes 
after several short cycles of 455 nm 
irradiation and recovery. We believe 
455 irradiation facilitates MC bleaching, 
which results in partial as opposed to 
full recovery. Blue shaded areas indicate 
external light on. 
 Figure 3.2
After 5 sec of 455 nm irradiation, the 
absorbance peak at 570 nm decreases. 
It almost completely recovers about 60 
seconds after the light is turned off. 
 Figure 3.3
The reversibility of fluorescence switching 
is greatly enhanced with the co-poly-
mer and argon purging. The concurrent 
pattern from both the absorbance and 
the fluorescence experiments indicate the 
crucial connection between MC isomer-
ism and CPN fluorescence switching. 
 One cycle enlarged from Figure 3.3. 
before switching
after switching
after recovery
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Different LED light sources in the 4-color 
LED module address different compo-
nents of the CPN–MC system according 
to where they absorb on the visible light 
spectrum. 
As discussed in 2.1.2, the large spectral overlap between MC absorbance and CPN 
fluorescence gave us the impression that resonance energy transfer (FRET) must 
be operative between the two particles. But since the spirooxazine (SO) isomer 
does not absorb where the CPN fluoresces, the dye-doped CPN system fits per-
fectly into the pcFRET paradigm. With a vague understanding that the MC → SO 
reaction has a low inherent turn-over rate, or quantum yield, we were under the 
impression that the energy transfer process from the CPN must quickly generate a 
large population of excited MC that is ready to undergo the MC → SO conversion. 
The CPN must essentially act as an energy amplifier that greatly promotes the MC 
→ SO reaction, which undermines the same energy transfer efficiency itself, since 
SO can no longer accept FRET from the CPN. As a result, the energy from external 
irradiation is released in the form of CPN fluorescence, leading to enhanced emis-
sion as we have observed. In this verbal formulation, the CPN–MC under continu-
ous blue irradiation seems to act as a complex system with secondary feedback. 
In order to unravel the complexity, we experimented with an orthogonal approach 
that would separate the MC → SO reaction from the fluorescence experiment. 
Instead of accessing the  MC → SO reaction through the CPN amplifier, we could 
irradiate the MC at its λmax around 560 nm without interfering with fluores-
cence measurements performed using the 455 nm excitation beam. Initially, 
I used a new 530 nm LED source to address the MC, but its bandwidth still 
overlapped significantly with the broad absorption peak of the PFBT CPN 
(Figure 3.4). Nevertheless, compared to the switching results obtained from 
the 455 nm LED source, those with the 530 nm source demonstrated the 
inefficiency of Pathway 1. Recently, I started using a 590 nm LED source 
that exclusively addresses the MC. Qualitatively, it showed similar results 
to the 530 nm source. 
Drawing upon the preliminary observations, I arrived at the experimental 
paradigm illustrated here. The CPN–MC system can be addressed through 
two pathways. Pathway 1 uses the 590 nm LED source to perform the 
photochromic conversion without using the CPN as a vehicle of energy 
transfer. Pathway 2 uses the 455 nm LED source to excite the entire system 
through the strong absorption of CPN around that wavelength. Comparing 
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the switching measurements taken from both pathways, I could gain more insight 
into the energy transfer process, which is conveniently the net difference between 
the two pathways. 
The questions that most interested me the most were, “How much 
more efficient is the 455 nm source in performing the MC → SO 
reaction? How can I quantitatively connect the extent of the MC → 
SO reaction to the energy transfer efficiency within the CPN–MC 
system, and can we explain fluorescence switching in the same 
paradigm as energy transfer?” These questions led me to design a 
series of quantitatively controlled switching experiments, in antic-
ipation of the photokinetic calculations which I will discuss in 
Part IV of the thesis.
3.1.2 Pathway 1 and 2 Experiments
The setup of my two-pathway experiments strives to achieve max-
imum reproducibility and quantitative control (Figure 3.5). I used 
pre-made components to assemble a cage which fits around the 
cuvette holder in the spectrophotometers. I then inserted the 
liquid light guide into a machined converter screwed onto the top 
face of the cage, which ensures that the LED light always irradi-
ates the sample directly from the top. I reduced the sample size to a consistent 150 
μL and propped up the cuvette with a fixed set of screw caps and rods, so that the 
instrument beam passes through the center of the liquid sample. The minute vol-
ume maximized the homogeneity of light distribution throughout the sample 
solution. I used a wave generator to modulate the input voltage of the LED source, 
and an oscilloscope was synchronized to monitor the voltage through time. I chose 
the external mode of the LED source, which takes the modulated voltage from the 
wave generator as its input and translates the voltage exactly into LED intensity. I 
will discuss the quantification of LED irradiation in detail in Section 4.1.2 and 
Appendix C. 
After numerous trials and improvements, the standard CPN–MC system subject 
to the quantitative studies has a CPN absorbance of around 0.25 to 0.30 at 455 
nm and an MC absorbance of around 0.015 to 0.020 at 570 nm. In Chapter 2.2, 
I estimated that the standard system contains around 100 MC dye particles per 
nanoparticle. 
The first experiment that I usually perform on a standard system is a switching 
experiment using the 455 nm source at 1 V, monitored with the kinetics program 
on the UV-Vis spectrophotometer (Figure 3.6). The absorbance at 570 nm is 
recorded every 0.1 sec, and each reading is averaged over the entire length of the 
time step. The kinetic trace first dips steeply upon irradiation, but it hits a disconti-
nuity within about 5 seconds. This is interpreted as the effective conversion of most 
if not all of the MC particles into the SO isomer. The difference between the initial 
absorbance and the absorbance at the discontinuity is defined as the effective MC 
 For detailed procedures 
and instrument settings, 
see Appendix A. 
absorption
or excitation
LED irradiation
sample
cuvette
fluorescence
detection
 Figure 3.5
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absorbance. With this value recorded, I performed a series of switching experi-
ments on new 150 μL aliquots of the sample, each with a different input voltage. I 
then repeated the same set of experiments with the 590 nm source. For each of 
those switching experiments, I programmed the function generator to irradiate the 
sample for 5 seconds. Figure 3.7 shows two kinetic traces, one from each pathway. 
I have also compiled some absorbance results in Tables 3.1–2. The column titled 
photon flux is a measure of light intensity which I will explain in Section 4.1.2. Per-
centage switching is calculated by taking the ratio between the amount of absor-
bance decrease and the effective MC absorbance for each sample. 
The same experimental conditions are then repeated on the fluorimeter. A 150 
μL sample is irradiated from the top in the cuvette compartment of the fluorim-
eter. The fluorimeter is always set to excite the sample with a 455 nm beam, with 
a slit width of 5 nm, and it takes a fluorescence readings with a 5 nm slit at 535 
nm every 0.1 sec, averaged over half of the time step or the entire time step. The 
time duration and input voltage of the LED source are precisely controlled by the 
function generator and monitored by the oscilloscope. Using new aliquots for each 
experiment, I observe the change in fluorescence intensity under a series of input 
voltages. Again, I use both Pathway 1 and Pathway 2 irradiation to perform switch-
ing. For each sample, a dark fluorescence reading is recorded as the initial reading 
on the kinetic trace before irradiation, which matches the fluorescence intensity at 
535 nm on its fluorescence spectrum. Figures 3.7 shows two fluorescence switch-
ing experiments, one from each pathway. Tables 3.3–4 contain tabulated results. 
Fluorescence enhancement is calculated as the fluorescence reading at a given time 
divided by the dark fluorescence of the sample. 
Figure 3.8 shows the extent of MC and fluorescence switching after 5 seconds of 
irradiation as a function of input photon flux. We can clearly see that, at any given 
photon flux, the 455 nm source is much more effective at switching the system 
than the 590 nm source. 
3.1.3 Harnessing Pathway 2 for Fluorescence Activation
The original goal of designing the CPN–MC system was to creative a nanoscale 
reversible photoswitch that could be accessed with visible light. Once we discov-
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Data ID LED voltage (V)
photon flux 
(× 10-5 M s-1)
LED on at 
(s)
LED off at 
(s)
MC fraction 
switched
instrument 
error
UVVL111hk1 0.25 2.02 5.6 10.6 0.230 0.062
UVVL111gk1 0.5 4.01 22.5 27.5 0.522 0.029
UVVL111fk1 1 7.91 15.5 20.5 0.856 0.094
UVVL113nk1 0.2 1.62 4 9 0.121 0.030
UVVL113mk1 0.5 4.01 37.5 42.5 0.469 0.044
UVVL113lk1 0.8 6.37 18.6 23.6 0.736 0.039
UVVL113ak1 1 7.91 16 21 0.856 0.029
UVVL109ik2 0.3 2.42 26.8 31.8 0.280 0.030
Data ID LED voltage (V)
photon flux 
(× 10-5 M s-1)
LED on at 
(s)
LED off at 
(s)
MC fraction 
switched
instrument 
error
UVVL109ak1 6 8.59 121 126 0.081 0.005
UVVL109bk1 9 9.80 54 59 0.097 0.014
UVVL113ok1 5 7.72 25 30 0.093 0.012
UVVL113ok1 8 9.63 95 100 0.138 0.017
UVVL113pk1 5 7.72 15 20 0.104 0.014
UVVL113pk1 8 9.63 110 115 0.111 0.013
UVVL129bk1 0.5 1.03 101 106 0.008 0.002
UVVL129bk1 1 2.00 181.5 186.5 0.039 0.003
UVVL129ck1 1.5 2.92 16 21 0.042 0.001
UVVL129dk1 2.5 4.57 38.6 43.6 0.059 0.002
UVVL129ek1 3.4 5.87 30.7 35.7 0.073 0.005
UVVL129fk1 4.2 6.87 31.5 36.5 0.085 0.004
UVVL129gk1 7 9.22 28.5 33.5 0.114 0.003
Table 3.1 
Pathway 2 MC switching with varying photon flux
Table 3.2 
Pathway 1 MC switching with varying photon flux
 Figure 3.7
Selected kinetic traces from 
Tables 4.1–4. 
Instrument error is calcu-
lated from the standard 
deviations of the five 
data points around each 
sampled moment. 
26
Data ID LED voltage (V)
photon flux 
(× 10-5 M s-1)
LED on at 
(s)
LED off at 
(s)
Fluorescence 
Multiplication
instrument 
error
FLVL131bk1 0.5 1.03 17 22 1.037 0.041
FLVL131bk1 1 2.00 57 62 1.019 0.035
FLVL131bk2 1.5 2.92 50 55 1.043 0.045
FLVL131bk2 2.5 4.57 90 95 1.045 0.066
FLVL131ck1 3.4 5.87 24 29 1.099 0.048
FLVL131ck1 4.2 6.87 104 109 1.096 0.045
FLVL131dk1 7 9.22 13 18 1.123 0.031
FLVL131ek1 6 8.59 11 16 1.104 0.017
FLVL131ek1 9 9.80 51 56 1.135 0.031
Table 3.4
Pathway 1 fluorescence switching with varying photon flux
Data ID LED voltage (V)
photon flux 
(× 10-5 M s-1)
LED on at 
(s)
LED off at 
(s)
Fluorescence 
Multiplication
instrument 
error
FLVL86hk1 0.2 1.618 15.05 20.05 1.46 0.03
FLVL86ik1 0.3 2.421 14.55 19.55 2.02 0.09
FLVL86jk1 0.4 3.219 14.55 19.55 2.92 0.18
FLVL86kk1 0.6 4.801 14.55 19.55 5.91 0.61
FLVL86lk1 0.7 5.586 14.05 19.05 7.68 0.62
FLVL86mk1 1 7.913 14.55 19.55 11.54 1.59
Table 3.3
Pathway 2 fluorescence switching with varying photon flux
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Pathway 2 is far more 
efficient at both convert-
ing MC and switching 
CPN fluorescence, after 
5 sec of irradiation.
Instrument error is 
calculated from the 
standard deviations of 
the three data points 
around each sampled 
moment. 
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ered that the system was never completely reversible, it became possible to capital-
ize on the fragility of the MC in order to create an irreversible photoswitch. From 
the beginning of the project, we have used the term photobleaching, or simply dye 
bleaching, to denote the apparent irreversible loss of MC that could accept energy 
transfer from CPNs. Evidence of dye bleaching includes incomplete recovery of 
both MC absorbance and CPN fluorescence after a period of irradiation has ended. 
We found that, while Pathway 2 experiments enhanced the effect of fluorescence 
switching, they also induced more dye bleaching, especially when a sample was 
subject to long durations of high intensity irradiation. 
When a standard CPN–MC sample is under the 455 nm LED source, set to an 
input voltage of 5 V, CPN fluorescence at its λmax of around 535 nm increases about 
60-fold in 40 seconds. After continuous irradiation for such a long period of time, 
the fluorescence level does not drop back after the LED source is turned off (Figure 
3.9). We named this the phenomenon activation. Before activation, the sample 
has a minimal dark fluorescence. After activation, even without the driving force 
of external light, the CPN–MC system responds to the same excitation beam with 
a much higher fluorescence. Compared to the reversible switching experiments, 
the contrast between the fluorescence readings pre- and post-irradiation is much 
higher in activation experiments (Figures 3.9–12). 
The results from activation experiments across different samples varied greatly. 
Some samples showed significant recovery even after over 30 seconds of exposure 
to high intensity blue irradiation, while others failed to exhibit any recovery after 
much milder conditions. I found no conclusive relationship between doping per-
centage and recovery after harsh irradiation. However, I did find some possible 
connection between the spatial distribution of MC particles in relation to CPNs 
and the level of fluorescence recovery after an activation experiment. I directly 
injected a small portion of an MC stock solution into a blank CPN suspension 
so that the MC absorbance around its λmax was comparable to that in a standard 
CPN–MC sample. I then sonicated the new sample for 15 seconds and removed 
the excess THF under high vacuum. This is in contrast to the standard prepara-
tion procedure, where the dye was injected into the polymer mixture before any 
THF was evaporated. In the subsequent activation experiment, I observed well 
 For the photobleaching 
of spirooxazine deriva-
tives, see ref. 40 L
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 Figure 3.9
The fluorescence reading is more sensitive 
to minute changes in the CPN–MC sys-
tem. Upon activation, the MC absorbance 
remains depleted, but the fluorescence 
reading still fluctuates. After the light is 
removed, fluorescence declines while MC 
absorbance stays unchanged. 
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quenched fluorescence indistinguishable from a standard CPN–MC sample pre-
pared with the standard doping procedure. However, after activation and removal 
of the light source, the fluorescence reading did not recover at all. 
I believe that the inconsistency in of the dark recovery process reflects the het-
erogeneity of the CPN–MC system. During an activation experiment, as the most 
accessible acceptors of exciton energy in the CPN undergo permanent damage, the 
physical location and orientation of those surviving MC particles are thrown into 
sharp relief. If we suppose that the most accessible MC particles are also those that 
behave more consistently, inconsistency would naturally arise once the irregular 
ones become the most probable acceptors. As excitons in the CPN frequently pro-
mote them into their excited state, their rate of reversible switching and extent of 
permanent damage are directly reflected in the activation curve. MC particles that 
are positioned to have a higher potential of permanent damage will be bleached, 
showing little recovery. Conversely, those with the right energetic and kinetic forc-
ing to recover will show more recovery once the light source is removed. 
The inside of the CPN structure might provide a favorable environment for 
the latter kind, whereas the outer surface of the nanoparticle is more hos-
tile to MC. This would explain why MC particles are less likely to recover if 
they are added into the water suspension after the CPNs are prepared.  
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Doping the aqueous CPN suspension 
with MC produces the best activation 
results. Fluorescence does not recover 
after the light source is removed, as 
shown in both the kinetic trace and 
the static fluorescence spectrum. 
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Using the same 1V, 455 nm LED light to 
activate the CPN–MC system, the duration 
of light exposure affects of the extent of 
recovery once the light is turned off. 
undoped CPN
29
After minutes of intense irradiation, the fluorescence intensity of the PFBT 
nanoparticles starts declining. The photobleaching behavior of the CPNs is not 
central to the thesis, but it is worth noting that the absorption peak structure of 
CPN changes after activation (Figure 3.11). Its original peak around 460 nm, while 
still at the same absorbance, appears to have blue-shifted a little. This could reflect 
the shortened conjugation length of the polymer after intense irradiation. Struc-
tural changes in the CPN are linked to PFBT photobleaching. McNeill reported a 
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Fluorescence reading declines after long exposure to 
455 nm LED light. In the kinetic trace above, the LED 
source is set to 1 V for the first 110 sec beforing being 
turned up to 8 V, where a sharp increase occurs. Flu-
orescence starts declining as a result of nanoparticle 
photobleaching. The peak structure of the absorbance 
spectrum changes visibly after activation. 
 Figure 3.13
Photographs of a CPN–MC sample during a Pathway 
2 switching experiment and an activation experiment. 
The sample volume used for demonstration is around 
600 μL, much larger than the standard 150 μL used for 
all reported data. The heterogeneity of the nanoparti-
cle suspension is visible under the uneven LED light. 
photobleaching quantum yield for PFBT, and I anticipate more controlled studies 
aimed at understanding the phenomenon from both our group and other research-
ers. Ultimately, photobleachable CPNs can be harnessed for fluorescence micros-
copy experiments which require non-invasively dimming the fluorophore alto-
gether after activation and imaging.
 ref. 34 L
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3.2 Quenching Relationship
3.2.1 Extracting Pairs of MC Concentration and CPN Fluorescence
In the previous chapter, we have seen that, during a switching experiment, MC 
absorbance declines and CPN fluorescence increases. To reiterate my conjecture 
in Section 2.1.2 and the tentative explanation I offered in Section 3.1.1, MC most 
probably functions as an energy acceptor in the CPN–MC system, and the concen-
tration of MC directly governs the fluorescence intensity of CPN. The more MC 
acceptors there are around a given CPN fluorophore, the dimmer the fluorescence 
will be. Energy transfer is one underlying explanation for the broad phenome-
non of quenching, which is another way to characterize the behavior of the CPN–
MC pair. Viewing the phenomenon at hand in the wider context of fluorescence 
quenching, I decided to first establish a quantitative relationship between MC 
concentration and CPN fluorescence. 
The Stern–Volmer plot is a customary method to visualize the relationship between 
donor fluorescence and quencher concentration in any fluorescent system. It was 
originally formulated in the context of collisional quenching, by which a quencher 
particle collides with the fluorescent molecule while the latter is in its excited state. 
Upon collision, the energy from the excited molecule is dissipated without fluores-
cence emission. The theory of collisional quenching predicts the following rela-
tionship between the quenched fluroescence, FlDA, and the quencher concentration 
[A]. 
 
FlD
FlDA
=1+KD[A]
where the lefthand side denotes the ratio between donor fluorescence and 
quenched fluorescence, and the righthand side contains a constant KD. Plotting the 
lefthand side against [A] would yield a straight line if KD is a constant. This plot is 
known as a Stern–Volmer plot. Despite the fact that many mechanisms of fluores-
cence quenching do not yield a straight line, the Stern-Volmer plot has become an 
accepted method of comparing and assessing fluorescence quenching in different 
 For more background 
on the mechanisms and 
quantification of fluo-
rescence quenching, see 
Chapters 8–9 in ref. 32 L
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systems. When the model of collisional quenching becomes inadequate and the 
Stern-Volmer plot does not conform to a constant KD , it is written with a generic 
KSV instead.
 
FlD
FlDA
=1+KSV[A]
The form of the Stern-Volmer plot can shed light on the mechanisms of quenching 
that a fluorophore is involved in. 
To construct a Stern–Volmer plot, one would typically prepare a number of sam-
ples each with a different quencher concentration, including one that has no 
quencher, and measure their fluorescence one by one. In our system, however, the 
concentration of MC in relation to CPN is not so easy to control from stoichiomet-
ric input. Therefore, I designed a method to extract FlD/FlDA from switching and 
activation data (Figure 3.14). By synchronizing the kinetic traces from absorbance 
and fluorescence experiments performed under the exact same conditions, I was 
able to extract points of MC absorbance at 570 nm and CPN fluorescence at 535 
nm that correspond to each other in time. I then designated the maximum fluores-
cence value reached in an activation experiment as the donor fluorescence, FlD. The 
lowest MC absorbance reached in the same experiment was assigned 0, follwing a 
similar rationale to the designation of the effective MC absorbance in Section 3.1.2. 
This pair of defined values ensures that the plot passes through (0,1). 
One philosophy behind the design was to use mostly points that were collected in 
the dark, because when a sample is exposed to the blue LED source both fluores-
cence and absorbance readings fluctuate more over time. But to plot the full range 
of MC absorbance values, I had to use kinetic traces from activation experiments 
which presumably eliminated the most accessible MC particles and revealed the 
less accessible population. The end result is a Stern–Volmer plot extracted from 
both activation and dark recovery data, shown in the first pannel of Figure 3.15. 
The original x-axis expressing absorbance at 570 nm is kept unchanged here. I will 
discuss potential ways of interpreting the x-axis in the next section. 
3.2.2 Transforms of Stern–Volmer Plot
Before discussing my conjectures about our Stern-Volmer plot in the next section, 
I will first introduce a few transforms of the same data that will become useful. I 
refer to the inverse of the Stern–Volmer plot as the quenching plot. FlDA/FlD is argu-
ably a more intuitive measure of fluorescence quenching, as it is the ratio between 
quenched and unquenched fluorescence. The more quenched a system is, the 
smaller the ratio will be, indicating dimmer fluorescence. The quenching efficiency 
plot, however, plots 1 – FlDA/FlD against [A]. It is the symmetrical reflection of 
the quenching plot across the y = 0.5 line, thus reversing the sense of the quench-
ing plot. The highest possible y value becomes 1, which corresponds to complete 
quenching. 
Now we have to consider ways of interpreting the x-axis. Drawing on estimations 
made about the composition of the standard CPN–MC system, which I presented 
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in Chapter 2.2, I demonstrate here several ways of representing the x-axis. Normal-
ized absorbance takes the ratio between any given absorbance and the highest 
absorbance value in the plot, resulting in an x-axis of 0 to 1. The MC concentration 
is calculated using εMC = 24000 M-1 cm-1 at 560 nm measured by Kurimoto in a 
water–DMSO mixture. The number of MC particles per nanoparticle and PFBT 
chain are calculated as discussed in Chapter 2.2. 
All transforms of the Stern-Volmer plot are shown in Figure 3.15. 
3.2.3 Conjectures on Mechanism of Energy Transfer
The Stern-Volmer plot for our CPN–MC system is obviously not linear. We can 
safely dismiss the possibility of having a system dominated by collisional quench-
ing. It is difficult to extract any first principle information about the photophysics 
of the CPN–MC system from the Stern-Volmer plot. To understand the mech-
anism of the quenching process, we need sophisticated models that put to test 
various hypothetical mechanisms that could lead to the observed phenomenon. 
Even if a model yields the exact same Stern-Volmer plot, the plot alone still doesn’t 
completely validate the model. A model that correctly predicts one measurable of 
the system constitutes only a possible explanation. Conversely, if a model cannot 
predict the phenomenon after every possible model parameter is tried, we can be 
sure that the model does not completely account for the phenomenon observed. 
Lakowicz offers a model that describes the Stern-Volmer relationship as a result of 
FRET in a diffused solution. A model originally defined for linked donor–acceptor 
dyads, Förster resonance energy transfer (FRET) has a rate constant
 kFRET = kD
R0
r
⎛
⎝
⎜
⎞
⎠
⎟
6
,
in which r is the distance between the donor and the acceptor, and R0 is a constant 
known as the Förster radius. kFRET is defined in relation to kD, the rate of decay of 
the donor excited state in the absence of any acceptor. While R0 is dependent on 
the quantum yield of the donor and the spectral overlap that I mentioned before, 
the only independent variable beyond the nature of the particles themselves is the 
distance between the donor and the acceptor. If the donor and acceptor particles 
are diffused in a solution and energy transfer could occur at any orientation, it is 
not difficult to mathematically derive a model that takes into account the random-
ized distance between any donor–acceptor pair. Lakowicz gives the model
 
FlDA
FlD
=1− πγeγ
2
[1−erf (γ )] , 
where 
 γ =[A]2π
3/2NR0
3
3000
.
R0 is the Förster radius of the system expressed in cm. Figures 3.16 shows some 
results from fitting the model to the Stern-Volmer and quenching plots of our 
CPN–MC system. At the normal Förster distance of 3 nm, the extremely low con-
centration of MC in our system cannot possibly quench the fluorescence of the 
 Frank and Kurimoto, 
unpublished data. See 
Appendix E
 Chapters 9 & 13 in ref. 32 L
 p. 466 in ref. 32 L
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CPNs, assuming that both the MC particles and the fluorophores in the CPNs are 
freely diffused in the solution. It is only when we try an exorbitant R0 of 130 nm 
does the curve start to converge on our measurement. In a naive sense, this result 
shows that, if FRET is indeed operative in our system, the donor must have an 
extraordinary ability to reach far beyond the normal distance across which FRET 
can occur. In other words, any excited site in a CPN must physically leap across 
130 nm within its lifetime so that the energy transfer process still outcompetes 
fluorescence and other non-radiative decay pathways. As we will see in the Section 
4.2.3, this leaping mechanism, known as exciton migration, has indeed been pro-
posed as a major contributor to the energy transfer phenomenon observed in 
dye-doped CPN systems. 
The original Stern-Volmer model that inspired me to construct a Stern-Volmer plot 
places meaning on KSV, and so a curved plot would naturally lead one to divide up 
the x-axis into concentration regimes, each with a different KSV and thus a poten-
tially different underlying mechanism. However, the upward curvature of our 
Stern-Volmer plot is mimicked by the diffused FRET model, which does not inher-
ently presume any concentration regime. It is simply an indication that FRET is a 
model that describes dynamic quenching, which does not require mechanical con-
tact between the donor and acceptor particles. This finding alarmed me to refrain 
from attributing too much meaning to the non-linearity of the Stern-Volmer plot. 
 ref. 16 L
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Part IV
Interpretation
The success of a paradigm…is at the start largely a promise of success discoverable 
in selected and still incomplete examples. Normal science consists in the actual-
ization of that promise, an actualization achieved by extending the knowledge of 
those facts that the paradigm displays as particularly revealing, by increasing the 
extent of the match between those facts and the paradigm’s predictions, and by fur-
ther articulation of the paradigm itself. Closely examined, whether historically or 
in the contemporary laboratory, that enterprise seems an attempt to force nature 
into the preformed and relatively inflexible box that the paradigm supplies. 
—Thomas Kuhn, The Structure of Scientific Revolutions (1962)
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4.1 Photokinetics of CPN–MC System
Experimental results show that the photochromic conversion between MC and SO 
fits first-order kinetics. It can be shown that for the photochemical reaction 
 MC hνΔ⎯ →⎯← ⎯ SO ,
the rate of change of the concentration of MC can be accurately described by the 
differential rate law
 −
d[MC]
dt
= kMCSO[MC]−kSOMC[SO],
in which kMCSO and kSOMC are experimentally determined constants. I have included 
in Appendix B an example of the validation process that demonstrates the accuracy 
of the differential rate law stated above as it applies to the photochromic conver-
sion of APSO in free solution. 
To further uncover the physical meaning behind the rate constant kMCSO which 
describes the photochemical reaction, I will follow Micheau’s practice of photoki-
netical analyses under continuous irradiation. To elaborate the photochemical 
reaction MC → SO, he proposes that it be seen as two consecutive steps. The first 
step creates an MC excited state, MC*, as a result of light absorption
 MC I⎯→⎯ MC* .
I here is a proxy for absorbed irradiation. I will discuss Micheau’s exact formula-
tion of I in the next section. The second step describes the ring closure reaction 
and the deactivation process that terminates the lifetime of MC*.
 MC d←⎯MC* k⎯→⎯ SO .
The efficiency of the second process is defined as the photochemical quantum 
yield, or ϕ
 φ =
k
k+d
The combined consequence of these two processes is that the overall rate can be 
 ref. 41 L  42 L   43 L
4.1.1 Micheau’s Formulation of First-Order Photochromic Conversion
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Tracking MC concentration, here directly 
related to absorbance at 560 nm, during 
MC–SO photoisomerization in THF. 
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expressed as a product of the two independent reaction parameters, I and ϕ,
 kMCSO[MC]= IMCφMCSO .
Since by definition ϕMCSO contains the critical information about the nature of the 
photochromic conversion, the next logical task is to determine its value once we 
extract kMCSO from experimental data. Intuitively, we understand that both [MC] 
and IMC must be related to the absorption property of the reaction mixture that 
is measurable with a spectrophotometer. A heavily colored MC solution absorbs 
more light and must thus contain more MC. Therefore, more absorption should 
correspond to greater values of [MC] and IMC. In the next two sections, I will pres-
ent Micheau’s exact formulation that relates absorbed irradiation to molecular 
concentration. 
4.1.2 Volumetric Photon Flux
In Micheau’s analysis, I stands for volumetric photon flux, which quantifies light. 
The SI unit for volumetric photon flux, mol L-1 s-1 or M s-1, is the same as that for 
the rate of change of particle concentration, which allows us to mathematically 
consider light as a photonic reagent entirely analogous to any dissolved matter. 
However, in most physical experiments, light is treated as radiative transmission of 
energy measured in watts. Classical physicists used the ray model of light to con-
struct the idea of light intensity. They formally coined the term irra-
diance to denote the imaginary flux of light rays that passes through 
unit surface in space, and the magnitude of the flux is directly propor-
tional to the radiative power measured at each point on the surface. 
Irradiance, therefore, has the unit W m-2. Depending on the geometry 
of radiation, one can integrate point-based irradiance measurements 
over the entire irradiated surface to deduce the total power output. 
Or if the distribution of a given amount of radiative output is exactly 
known across a given surface, one may calculate the irradiance at any 
point. In my experimental setup, the body of liquid in the cuvette 
receives incident radiation from an LED light beam whose center 
line is orthogonal to the liquid surface. Treating the short, vertical 
pathway through the body of liquid as uniform and lossless, we can 
reasonably write a volumetric radiant flux (IR) in the unit W m-3. 
Finally, we arrive at the volumetric photon flux by incorporating 
the Planck-Einstein relation 
 E =hν
which defines the photon as a packet of electromagnetic wave 
energy with its magnitude directly proportional to the frequency of the wave. 
Therefore, for a uniform, monochromatic light beam passing through a small cubic 
space, we have
I = IR
NAhν
=
irradiance
lNAhν  ,
in which NA is the Avogadro number denoting the number of particles in a mole, 
(4.1.1.5)
 Figure 4.2
Volumetric flux is tied to the effective 
photon concentration spread through-
out a liquid sample. With the same 
amount of light entering through a 
certain area, the longer the path length, 
overall the more “dilute” the photons 
become in the solution.
l
flux=
power
area
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and l denotes the path length through the body of liquid measured along the axis 
of irradiation. 
4.1.3 Absorption 
Spectroscopists are interested in measuring and understanding interactions 
between light and matter. Absorption is one of the most ubiquitous spectroscopic 
events, and it is widely studied for its association with the electronic structure and 
chemical reactivity of molecules. The energy absorbed by a molecule in solution 
drives photochemical reactions that the molecule then undertakes. In this section, 
we will start from the experimental measurement of absorption and express the 
partial photon flux absorbed by a particular solute in a mixed solution. 
Experimentally, absorption manifests as the loss of radiative power after light 
passes through a translucent medium. In an absorption experiment, a beam of 
quasi-monochromatic light is passed through a body of liquid across a known 
path length l. The light power measured after absorption is I, while the power of 
the instrument beam is I0 . Ia = I0 – I is the power absorbed by the liquid medium. 
Absorbance is defined as
 Abs =−log
I
I0
=−log 1− Ia
I0
⎛
⎝
⎜
⎞
⎠
⎟ .
It has been experimentally shown that, in a dilute solution of a single solute, the 
absorbance measured at a wavelength where the solvent does not absorb is directly 
proportional to the concentration of the solute molecule. This relationship is 
known as the Beer–Lambert law
 AbsA =εAl[A]
where AbsA denotes the absorption due to solute A and [A] denotes the concentra-
tion of A in mol L-1, or simply M. εA is a proportionality constant named the molar 
absorptivity or extinction coefficient. Since absorbance is dimensionless and the 
path length l is often measured in cm, εA has the unit M-1 cm-1. The extinction 
coefficient of an organic molecule is dependent on its electronic configuration and 
the solvent environment. It is often determined through a calibration experiment 
using solutions of known concentrations. However, if the specific combination of 
solute conformation and solvent environment is not accessible in an equilibrium 
state, the extinction coefficient of that combination has to be deduced from sophis-
ticated calculations using other spectroscopic evidence.
Because of the Beer–Lambert law and the assumption that incident photons do 
not discriminate between different solute particles in a mixed solution, we may 
propose that the photon flux absorbed by solute A, IA, is proportional to the partial 
absorbance that it contributes to the total absorbance of the solution,
 
IA
Ia
=
AbsA
Abs .
Substituting in the definition of absorption (4.1.3.1) and the Beer–Lambert law 
(4.1.3.2), we have
(4.1.3.1)
(4.1.3.2)
(4.1.3.3)
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IA =
AbsA
Abs
Ia =
AbsA
Abs
I0(1−10
−Abs )= I0
1−10−Abs
Abs
εAl[A]  
Since absorbance can be directly recorded from the spectrophotometer, we define 
a purely experimental photokinetic factor
 F =
1−10−Abs
Abs .
Now we can express the photon flux absorbed by solute A as a product of five mea-
surable quantities,
 IA = I0FεAl[A] .
Substituting the equation above into (4.1.1.5), we have
 kMCSO = I0FεMClφMCSO .
We observe from this relationship that I0 can be determined from the experimental 
rate constant k of a photochromic reaction of known quantum yield ϕ. This chem-
ical method of measuring photon flux is known as actinometry, and a photochro-
mic dye used in actinometry is called an actinometer. For my research, I employed 
the visible light actinometer Aberchrome 670 to determine the photon flux of both 
the 455 nm and the 590 nm LED sources under various input voltages. The pro-
cedure, calculation, and results of the actinometry experiments are presented in 
Appendix C.
4.1.4 Rate Laws in CPN–MC System
In the UV-Vis spectrum of the CPN–MC system, we attributed the peak around 
570 nm to the absorption of MC. Irradiation of the nanoparticle solution with a 
590 nm LED light source thus excites MC without perturbing the CPN host, which 
absorbs broadly around 455 nm. Photochromic conversion of MC observed under 
590 nm irradiation is attributed to Pathway 1, which is here formulated in the 
exact same fashion as the MC–SO conversion in free solution
 MC hνΔ⎯ →⎯← ⎯ SO
with the differential rate law
 −
d[MC]
dt
= kMCSO[MC]−kSOMC[SO].
Assuming that all of the dye particles are present in the MC form at the beginning 
of the reaction with the concentration [MC]0 , we have
 [MC]+[SO]=[MC]0 .
Therefore, we can write
 −
d[MC]
dt
= (kMCSO +kSOMC )[MC]−kSOMC[MC]0 .
Substituting kMCSO with Micheau’s formulation (4.1.3.7), the differential rate law 
due to Pathway 1 irradiation becomes
 −
d[MC]
dt
= (I0FεMClφMCSO +kSOMC )[MC]−kSOMC[MC]0 .
(4.1.3.4)
(4.1.3.5)
(4.1.3.6)
(4.1.3.7)
Appendix C
ref. 44 L  45 L
Figure 2.3
UV–Vis spectrum of the 
standard CPN–MC system
(4.1.4.1)
(4.1.4.2)
(4.1.4.3)
(4.1.4.4)
(4.1.4.5)
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In Pathway 2, we excite the CPN–MC system exclusively through the CPN. The 
energy cascade that leads eventually to the photochromic conversion of MC to SO 
begins with the creation of excitons within the CPN upon absorption around 455 
nm. Leaving aside the exact physical nature and behavior of these excitons, we 
simply propose a bulk excited CPN state, CPN*, which is capable of transferring its 
energy non-radiatively to adjacent MC molecules. Figure 4.3 shows the schematics 
of Pathway 2 with all the photokinetic events considered in our formulation. 
Arriving at a differential rate law for Pathway 2 requires a fair amount of mathe-
matical manipulation. I will present here the most convenient derivation, which 
focuses on the bulk excited state of CPN, CPN*. To simplify our kinetic formula-
tion, we assume that the concentration of the CPN* population, [CPN*], remains 
unchanged under continuous irradiation. This technique is commonly known as 
the steady-state approximation. 
 d[CPN*]
dt
=0
There are three processes that are associated with CPN*. As discussed in previ-
ous sections, the absorption process depends only on the portion of the photon 
flux absorbed by CPN, denoted by ICPN. Both the deactivation process d1 and the 
energy transfer process are assumed to be first-order. Therefore, we have
 −
d[CPN*]
dt
= ICPN −(kd1+kT )[CPN*]=0 ,
and so
 [CPN*]=
ICPN
kd1+kT .
Applying the steady-state approximation to MC*, we have
 −d[MC*]
dt
=−(kd2 +kreact )[MC*]+kT[CPN*]=0 .  
Substituting [CPN*] with the expression above derived from the first approxima-
tion,
 −
d[MC*]
dt
=−(kd2 +kreact )[MC*]+
ICPNkT
kd1+kT
=0 .
If we define an energy transfer efficiency E as
E = kT
kd1+kT
,
Then we have
 −
d[MC*]
dt
=−(kd2 +kreact )[MC*]+EICPN =0 .
Finally, the overall rate of MC → SO emerges from rearranging the relationship 
above,
 −
d[MC]
dt
= kreact[MC*]=−kd2[MC*]+EICPN .
Recognizing that we should define the quantum yield for MC → SO as
 For similar reaction 
schemes, see ref. 50 L  11 
L  12 L
(4.1.4.6)
(4.1.4.7) T stands for energy transfer
(4.1.4.8)
(4.1.4.9)
(4.1.4.10)
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 Figure 4.3
Pathway 2 reaction scheme of CPN–MC 
system. Crucially, it does not account 
for photobleaching of the MC dye
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φMCSO =
kreact
kreact +kd2
,  
we are lead to transform (4.1.4.12) into 
 (kd2 +kreact )[MC*]= EICPN
so that
kreact
φMCSO
[MC*]= EICPN .
Substituting (4.1.4.16) into (4.1.4.13), we have
−
d[MC]
dt
=φMCSOEICPN .
Combining the rate law above for MC → SO with the thermal reaction SO → MC, 
we have fully formulated the differential rate law for [MC] during a Pathway 2 
experiment where the blue LED irradiation only excites the CPNs. 
 −d[MC]
dt
=φMCSOEICPN +kSOMC[MC]−kSOMC[MC]0
Compared to the differential rate law for Pathway 1, (4.1.4.4), the formulation 
above does not explicitly contain the term kMCSO[MC]. Instead the corresponding 
term assumes the form ϕMCSOEICPN, since the rate of the photochemical reaction 
MC → SO is now dependent on the absorption property of CPN and the energy 
transfer efficiency E. To recover an apparent kMCSO, we need to do a trivial manipu-
lation on the rate law above so that it becomes fully analogous to (4.1.4.4):
−
d[MC]
dt
= (kMCSO +kSOMC )[MC]−kSOMC[MC]0  
in which 
kMCSO =
φMCSOEICPN
[MC]
.  
Recovering (4.1.4.4) is important because it relates our theoretical derivation back 
to the results of photokinetic experiments which track [MC] under continuous 
irradiation. In other words, we can extract kMCSO from experimental data, and 
the formula above allows us to interpret it and relate its components to physical 
properties of the photochemical system. However, because the relation above is 
predicated upon all the assumptions we made while establishing the photokinetic 
framework, we need to critically examine the consequence of those assumptions as 
we attempt to interpret kMCSO using (4.1.4.19). 
The inverse proportionality between kMCSO and MC is a corollary of our final 
manipulation. It means that, if we were to regard excitation routed through CPN 
as a first-order process in MC, the rate constant would be larger for lower con-
centrations of MC. The exact inverse proportionality arises from the first steady-
state approximation, which assumes that an equilibrium CPN* population only 
transfers its excitation to a finite population of MC to generate MC* at a finite rate. 
With a larger MC population acting as acceptors of the energy transfer process, 
the average rate of switching for each MC acceptor must be inversely proportional 
to the overall population of MC acceptors available. However, as (4.1.4.18) shows, 
(4.1.4.14)
(4.1.4.15)
(4.1.4.16)
(4.1.4.17)
(4.1.4.18)
Equation (4.1.4.4)
(4.1.4.19)
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the rate of switching measured on a population level is independent 
of the concentration of MC at any given point. We will observe the 
effect of this proposition in a qualitative fashion as we compare ini-
tial switching rates in CPN–MC samples with different starting MC 
concentrations. The kinetic simulations that I will discuss in the next 
chapter will also shed light on the extent of its validity. 
Applying (4.1.3.6) to (4.1.4.20), we have
kMCSO =φMCSOEI0
F lεCPN[CPN]
[MC]
from which we observe that kMCSO is proportional to input photon flux, I0. 
Now we have the kMCSO expressions that describe the MC → SO reaction through 
both Pathway 2 and Pathway 1. Taking the ratio between (4.1.4.20) and (4.1.3.7), 
we have
 kMCSO ,2
kMCSO ,1
= E
εCPN,2[CPN]
εMC ,1[MC]
F2
F1
From the absorption spectrum of the CPN–MC system, we see that Pathway 2 irra-
diation at 455 nm accesses CPN* exclusively, while Pathway 1 only accesses MC* 
with the 590 nm source. Therefore, applying the Beer–Lambert law, the ratio above 
could be further simplified to
E =
kMCSO ,2
kMCSO ,1
Abs590
Abs455
F590
F455
,  
which yields the energy transfer efficiency E. 
4.2 Photokinetic Simulations and Insights
In this chapter, I will demonstrate how kMCSO and kSOMC are extracted from time-do-
main absorbance measurements performed during switching and dark recovery. 
Using the experimental relation between kMCSO and the input photon flux, I will 
deduce the photochromic quantum yield of the MC → SO reaction as formulated in 
(4.1.4.20)
(4.1.4.21)
(4.1.4.22)
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To examine the validity of (4.1.4.20), the 
left panel plots kMCSO estimates from 
several Pathway 2 switching experiments 
against Abs455/Abs570, which is an experi-
mental proxy for the term ICPN/[MC]. If E is 
constant in these CPN–MC samples and 
(4.1.4.20) holds, the plot should be linear. 
The panel on the right shows the kinetic 
traces from three of the experiments. All 
the plotted experiments were conduct-
ed under 1 V, 455 nm LED irradiation on 
standard 150 μL samples. 
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the previous chapter. kMCSO values measured under the two different pathways will 
reveal the energy transfer efficiency, E. The photokinetic theory allows us to fully 
simulate the concentration of MC under continuous irradiation of various time 
durations and intensities. A given MC concentration, when viewed as an input in 
the quenching relationship presented in Chapter 3.2, must in turn yield a reading 
of CPN fluorescence as its output. In a deterministic fashion, we can thus simulate 
fluorescence switching and readout through Pathway 2, relating the fluorescence 
readout directly to irradiation conditions. The final result from the simulation will 
be a 3D plot with irradiation duration and photon flux on the x- and y-axes, and 
fluorescence readout on the z-axis. In the end, I will attempt to interpret the plot 
and point to some critical flaws of my photokinetic formulation. 
4.2.1 Extracting Rate Constants
In Chapter 3.1, I discussed the rationale behind the kinetic experiments which 
track the population of the MC isomer using its distinct peak absorbance as a 
proxy. In Chapter 4.1, I presented the general differential rate law for the MC–SO 
conversion from the perspective of MC:
 −
d[MC]
dt
= (kMCSO +kSOMC )[MC]−kSOMC[MC]0 .
Assuming that the Beer–Lambert law holds for MC particles in the CPN environ-
ment throughout an switching experiment, we may rewrite the differential rate law 
above in terms of the absorbance due to MC measured at 570 nm, where SO does 
not absorb. 
 −
d Abs570
dt
= (kMCSO +kSOMC )Abs570 −kSOMCAbs570,0
Abs570,0 denotes the initial absorbance reading due to MC before irradiation starts. 
From this expression, we see that the precise values of kMCSO and kSOMC become via-
ble from the kinetic traces that record Abs570 through time. 
kSOMC is easier one to extract. After a period of irradiation ends the isomerized 
dye particles, now in their SO form, thermally isomerize back to MC. During this 
period of dark recovery, only the SO → MC reaction is active. For this part of the 
experiment, the rate law above reduces to
 −
d Abs570
dt
= kSOMCAbs570 −kSOMCAbs570,0 .
This is a classic, first-order rate expression that can be integrated into an exponen-
tial concentration curve against time. Without knowing the equilibrium concentra-
tion at t∞, the Guggenheim method first published in 1926 offers a solution to the 
rate constant kSOMC from a time-domain concentration curve. I will briefly explain 
here the principle of the Guggenheim method and how kSOMC can be determined 
with the method, whereas the Mathematica function firstorderrategug used to 
carry out the calculation is included in Appendix D. 
For the sake of convenience, I will abbreviate Abs570 simply as A. Rearranging and 
integrating the differential rate law for the SO → MC reaction gives
Equation (4.1.4.4)
(4.2.1.1)
(4.2.1.2)
 pp 11–13 in ref. 46 L
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 ln A(t)−A0
A1 −A0
⎛
⎝
⎜
⎞
⎠
⎟=−kSOMCt ,
or
 A(t)= e−kSOMCt (A1 −A0 )+A0 ,
where A1 and A0 are absorbance values at two distinct equilibrium states of the 
system. For two closely spaced points in time, ti and ti+τ, we have
 A(ti +τ )−A(ti )= e
−kSOMCti (ekSOMCτ −1)(A1 −A0 ) ,
and therefore,
 ln[A(ti +τ )−A(ti )]=−kSOMCti + ln[(e
kSOMCτ −1)(A1 −A0 )].
Plotting ln[A(ti+τ)–A(ti)] against ti thus yields –kSOMC as a slope. 
In principle, extracting kMCSO should be no different from extracting kSOMC. If kMCSO 
remains constant under continuous irradiation, it can be obtained by applying the 
Guggenheim method to the corresponding part of the kinetic trace. Subtracting 
the independently determined kSOMC value from the resultant rate constant should 
give kMCSO. However, for a number of reasons as I will explain in the following 
paragraphs, I have not used the Guggenheim method to determine kMCSO. Instead, 
in my analysis, kMCSO values are extracted by numerical simulations that apply the 
differential rate laws in a stepwise fashion. 
The main reason why the Guggenheim method is unsuitable for extracting kMCSO is 
the short timescale of the MC → SO experiment. From my experience, an accurate 
determination of kSOMC, which is a much slower process that better buffers instru-
mental error in the time domain, requires a τ value of 5 to 8 seconds. In compari-
son, the longest Pathway 2 MC → SO experiment lasts 5 seconds. The second rea-
son has to do with the theoretical formulation of the Pathway 2 rate law. (4.1.4.19) 
shows that the kMCSO for excitation by ICPN is dependent on [MC]. I must note here 
that the Guggenheim method, as well as other numerical methods of first-order 
rate determination, cannot be used to assign the reaction order or appropriate rate 
(4.2.1.3)
(4.2.1.4)
(4.2.1.5)
(4.2.1.6)
kMCSO =
φMCSOEICPN
[MC]
.
Equation (4.1.4.19)
25 30 35 40 45
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ln
[A(t i+τ
)-A(t i
)]
 Figure 4.5
Guggenheim plot for the dark recovery 
portion of UVVL113ak1, with an optimized 
τ delay of 35 sec. The best linear fit has a 
slope of –0.138 ± 0.002 s-1, which corre-
sponds to –kSOMC for this experiment. 
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laws for any chemical reaction. Kinetic traces that do not conform to 
first-order kinetics often give a deceptively straight Guggenheim plot 
and a false first-order rate constant as its best fit. In the case of the 
Pathway 2 MC → SO, which appears not to be first-order in our formu-
lation, using the Guggenheim method would be problematic. 
One can argue that the Pathway 1 MC → SO reaction has in our for-
mulation an essentially constant kMCSO under continuous irradiation, 
as (4.1.4.5) shows, and the reaction time is typically long enough for a 
reasonably accurate determination using the Guggenheim method. The only factor 
within kMCSO that varies slightly as [MC] decreases through time is the photokinetic 
factor F. It can be shown that, when absorbance is at 0.015, which is about the aver-
age Abs570 in these experiments, the change in F when 50% of MC has switched is a 
mere 0.86%, which is at or below the percent error between two consecutive points 
on a kinetic trace. But for the sake of uniformity, I still used numerical simulations 
to determine kMCSO values for Pathway 1 reactions. In Appendix D, I have included 
the simulation functions that I coded in Mathematica with an interchangeable core 
loop that can simulate both the Pathway 1 and the Pathway 2 MC → SO reactions 
exactly as formulated in Section 4.1.4. Here I will briefly outline these two different 
simulation loops. I will also provide a third method which approximates the initial 
kMCSO when the input photon flux is very large and the reaction occurs so rapidly 
that not enough data points are recorded for simulation. 
In general, a stepwise numerical simulation from a differential rate law assumes 
that the rate does not change for each short time step Δt, and that the rate law still 
holds after that time step.
Ai+1 =−
dA
dt
⎡
⎣⎢
⎤
⎦⎥i
Δt+Ai
When the computer is given an initial rate constant and an initial absorbance, it is 
able to iterate this calculation n times to generate a simulated kinetic trace from t 
= 0 to t = nΔt. The Pathway 1 loop directly uses (4.1.4.4) to determine the rate for 
each step:
 
dA
dt
⎡
⎣⎢
⎤
⎦⎥i
= (kMCSO +kSOMC )Ai −kSOMCAi
Appendix D
simulloop3
simulloop4
 Figure 4.6
Stepwise simulations for Pathway 
2 and Pathway 1 switching experi-
ments. The discrepancy between the 
predicted recovery trajectory and the 
actual data can be attributed to [MC] 
bleaching, a phenomenon that is not 
accounted for in the photokinetic 
model. Initial absorbance at 570 nm 
is corrected to reflect the effective MC 
absorbance  as described on p. 23.
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Data ID LED voltage (V)
photon flux 
(× 10-5 M s-1)
LED on at 
(sec) Abs570,0 kSOMC (s
-1) initial kMCSO (s
-1) fit error
extraction 
method
UVVL109jk3 0.15 1.22 50 0.013 0.168 0.033 0.002 loop
UVVL109ik2 0.3 2.42 27 0.013 0.168 0.077 0.005 loop
UVVL109hk1 0.5 4.01 33.5 0.013 0.168 0.141 0.004 loop
UVVL109ik1 1 7.91 40 0.013 0.168 0.257 0.006 loop
UVVL109ck1 2 15.38 85 0.013 0.168 0.626 0.023 loop
UVVL109dk1 3 22.40 57.5 0.013 0.168 0.801 0.035 slope
UVVL109ek1 4 28.98 39 0.013 0.168 0.976 0.059 slope
UVVL109fk1 5 35.11 75 0.013 0.168 1.03 0.03 slope
UVVL109gk1 8 50.83 29.5 0.013 0.168 1.74 0.14 slope
UVVL111ak1 5 35.11 28.5 0.0085 0.143 1.26 0.15 slope
UVVL111bk1 4 28.98 7.5 0.0085 0.143 0.99 0.05 slope
UVVL111ck1 3 22.40 23.5 0.0085 0.143 0.747 0.056 slope
UVVL111dk1 2 15.38 14.5 0.0085 0.143 0.576 0.06 slope
UVVL111ek1 1.5 11.70 31.5 0.0085 0.143 0.472 0.023 loop
UVVL111fk1 1 7.91 15 0.0085 0.143 0.259 0.015 loop
UVVL111gk1 0.5 4.01 22 0.0085 0.143 0.158 0.006 loop
UVVL111hk1 0.25 2.02 5 0.0085 0.143 0.071 0.008 loop
UVVL111mk1 1 7.91 64 0.0085 0.143 0.29 0.006 loop
UVVL111nk1 3.5 25.75 26.5 0.0085 0.143 0.847 0.044 slope
UVVL111ok1 4.5 32.10 26.5 0.0085 0.143 1.342 0.063 slope
UVVL113ak1 1 7.91 16 0.016 0.135 0.252 0.005 loop
UVVL113bk1 1.2 9.44 15 0.016 0.135 0.312 0.007 loop
UVVL113ck1 1.5 11.70 23 0.016 0.135 0.36 0.006 loop
UVVL113dk1 1.8 13.92 7 0.016 0.135 0.445 0.009 loop
UVVL113ek1 2 15.38 14 0.016 0.135 0.486 0.01 loop
UVVL113gk1 2.5 18.95 7 0.016 0.135 0.635 0.015 loop
UVVL113hk1 3 22.40 16 0.016 0.135 0.797 0.051 slope
UVVL113fk1 3.5 25.75 10 0.016 0.135 0.818 0.046 slope
UVVL113ik1 4 28.98 10 0.016 0.135 0.947 0.047 slope
UVVL113jk1 4.5 32.10 6 0.016 0.135 0.958 0.041 slope
UVVL113kk1 5 35.11 8 0.016 0.135 1.02 0.041 slope
UVVL113lk1 0.8 6.37 19 0.016 0.135 0.206 0.004 loop
UVVL113mk1 0.5 4.01 37 0.016 0.135 0.138 0.004 loop
UVVL113nk1 0.2 1.62 6 0.016 0.135 0.043 0.005 loop
UVVL111pk1 5.5 38.01 5.5 0.0085 0.143 0.858 0.085 slope
Table 4.1 
Pathway 2 kMCSO results with varying photon flux
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Data ID LED voltage (V)
photon flux 
(× 10-5 M s-1)
LED on at 
(sec) Abs570,0 kSOMC (s
-1) initial kMCSO (s
-1) fit error
extraction 
method
UVVL109ak1 2 3.77 30 0.013 0.168 0.016 0.002 loop
UVVL109ak1 6 8.59 122 0.013 0.168 0.029 0.001 loop
UVVL109ak1 6 8.59 182 0.013 0.168 0.031 0.001 loop
UVVL109ak1 6 8.59 272 0.013 0.168 0.033 0.001 loop
UVVL109bk1 9 9.80 54 0.013 0.168 0.038 0.002 loop
UVVL109bk1 9 9.80 144 0.013 0.168 0.038 0.001 loop
UVVL109bk1 9 9.80 234 0.013 0.168 0.034 0.003 loop
UVVL113ok1 5 7.72 25 0.016 0.135 0.026 0.001 loop
UVVL113ok1 8 9.63 95 0.016 0.135 0.036 0.002 loop
UVVL113pk1 5 7.72 15 0.016 0.135 0.028 0.001 loop
UVVL113pk1 8 9.63 110 0.016 0.135 0.033 0.002 loop
UVVL129bk1 0.5 1.03 102 0.0519 0.158 0.001 0.001 loop
UVVL129bk1 1 2.00 180 0.0519 0.158 0.005 0.001 loop
UVVL129ck1 1.5 2.92 15 0.0519 0.158 0.011 0.001 loop
UVVL129ck1 1.5 2.92 95 0.0519 0.158 0.009 0.001 loop
UVVL129dk1 2.5 4.57 118 0.0519 0.158 0.017 0.002 loop
UVVL129ek1 3.4 5.87 31 0.0519 0.158 0.022 0.001 loop
UVVL129fk1 4.2 6.87 31 0.0519 0.158 0.026 0.001 loop
UVVL129gk1 7 9.22 29 0.0519 0.158 0.035 0.001 loop
Table 4.2
Pathway 1 kMCSO results with varying photon flux
in which kSOMC is known from prior determination, and kMCSO is put in as a guess, 
pending optimization. The Pathway 2 loop takes kMCSO as an initial input, where
kMCSO ,initA0 =φMCSOEICPN  
and therefore
−
dA
dt
⎡
⎣⎢
⎤
⎦⎥i
= kMCSO ,initA0 +kSOMCAi −kSOMCA0 .
To optimize the initial guess, I use a vertical least-squares fitting method that mini-
mizes
 R2 = (Asimul ,i −Aobs ,i )
2
i
∑
for all n points in a given simulation. The kMCSO value that satisfies the minimum is 
recorded as the initial kMCSO for the given set of conditions. The error margin of the 
model is defined as the range of kMCSO values on either side of the minimum kMCSO 
that reside below 110% of the minimum R2.  
The third method of determining kMCSO takes the initial slope of the kinetic trace at 
the beginning of the MC → SO reaction. Substituting [MC] = [MC]0 into (4.1.4.18), 
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we have the initial slope
slopeinit =−
dAbs570
dt
= kMCSOAbs570,0 .
So,
kMCSO =
slopeinit
Abs570,0 .
This method is sound when the first few Abs570 measurements upon irradiation 
are so far apart that their differences far exceed the instrumental error from point 
to point. Usually, when Pathway 2 switching experiments are performed under a 
large photon flux, Abs570 decreases so rapidly that there are too few data points for 
numerical simulation to yield any meaningful results. The initial slope calculated 
from those few data points become the basis for calculating kMCSO using the for-
mula above. Choosing different combinations of points for determining the slope 
gives a range of kMCSO values, from which I estimated a reasonable error margin. 
4.2.2 Accelerated Switching and Energy Transfer
In Chapter 3.1, I described a series of switching experiments that track the con-
centration of MC during continuous irradiation, while the system was excited 
through one of the two pathways. For each pathway, I repeated the experiment on 
150 μL aliquots of the same dye-doped CPN sample, each using a different input 
photon flux by setting the input voltage of the LED light module. By processing 
the time-series absorbance data collected from these experiments with the meth-
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Determining the fit quality of loop simulation using 
the R2 function, with varying guessed input of kMCSO. 
All kMCSO values in “valley” portion of the parabola be-
low the 110% R2 line are deemed to be acceptable 
estimates. 
 Figure 4.8
The slope method is used when there are too few 
points for the loop–R2 method to yield a reasonable 
and meaningful estimate of kMCSO. The blue line in 
the example fits the first six point, or the first 0.6 sec, 
after irradiation 
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kMCSO extracted from switching experiments
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ods outlined in the previous section, I can now extract an initial kMCSO from each 
switching experiment. The kMCSO values extracted from three different samples 
under various conditions are presented in Table 4.1 and 4.2, and the fit results of 
a number of kMCSO determinations performed with the simulation methods are 
shown in Figure 4.14. 
Note that for the Pathway 2 experiments, which were performed with the 455 nm 
LED light source, I was able to access much higher photon flux values. In Appen-
dix C where I present the actinometry results that relate the effective photon flux to 
the input voltage for both light sources, it is clear that the 455 nm LED source gives 
a larger calculated photon flux than the 590 nm source for each input voltage. This 
observation was corroborated by power meter measurements done on the output 
end of the liquid light guide. As a result, the maximum voltage intake, which is 10 
V for both light sources, yields a much higher photon flux when it drives the 455 
nm source. This is likely due to inherent electronic discrepancies between the 455 
nm and 590 nm sources. Consequently, as we compare the kMCSO values between 
the two pathways, those collected under high voltage 455 nm irradiation have to 
be discarded, since their corresponding photon flux values cannot be matched by 
those from 590 nm irradiation. 
Led by Equation (4.1.4.23), I plotted kMCSO against input photon flux, I0, for all 
switching experiments under both Pathway 1 and Pathway 2 conditions (Fig-
ure 4.9). In the range of I0 values accessible to both the blue and the orange LED 
sources, we see that both curves seem to conform to a linear relationship. The 
linear fits to both curves are shown in Figure 4.9 and they are forced through the 
origin assuming that kMCSO should be zero in the dark. The ratio between the slopes 
of the two lines is therefore equivalent to the ratio between any pair of blue and 
orange kMCSO values taken at the same I0.
slope2
slope1
=
kMCSO,2
kMCSO,1
=
3360±60
366±5 = 9.18±0.20
Therefore, we can deduce the energy transfer efficiency, E
 E =
kMCSO ,2
kMCSO ,1
Abs590
Abs455
F590
F455
=93±2%
Here the absorbance values and the photokinetic factors are deduced from the 
absorption spectrum of VL113. 
To understand the meaning behind this result and its implications, let us examine 
E first from its definition. As defined in Equation (4.1.4.11), 
E = kT
kT +kd1
where kT is the rate constant of energy transfer from the bulk CPN excited state, 
CPN*, to MC, and kd1 is the rate of deactivation from CPN* to its ground state. 
A near 100% E means that the rate of deactivation is negligible compared to the 
energy transfer rate kT. Viewed from the perspective of the MC photochrome, the 
energy transfer process as characterized in this simplistic fashion is fully efficient 
p. 58
E =
kMCSO ,2
kMCSO ,1
Abs590
Abs455
F590
F455
Equation (4.1.4.23)
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in producing MC*. To fully explain this interpretation, we may return to (4.1.4.17) 
which gives the rate of the MC → SO reaction driven through Pathway 2:
−
d[MC]
dt
=φMCSOEICPN
When E ≈ 100%, 
 −
d[MC]
dt
=φMCSOICPN ,
rendering it completely analogous to (4.1.1.5), the rate expression formulated for 
direct excitation through Pathway 1. The crucial difference is that, through efficient 
energy transfer, it is now CPN that acts as the absorber, hence ICPN instead of IMC. 
Thanks to the large extinction coefficient of the CPNs, the system can now absorb 
energy much more efficiently compared to the direct irradiation of the MC photo-
chrome. E can essentially be treated as a bulk energy filter that relays a fraction of 
the absorbed energy to drive the MC → SO reaction. If E = 0, however effectively 
CPN absorbs, the rate of the photochromic conversion will still be zero, because 
the energy is completely dissipated without producing MC*. But if E ≈ 100%, as is 
the case in our system, the filter does not exist any more. The photon flux absorbed 
by CPN is fully harnessed by the adjacent MC particles, and the rate constant of 
the MC → SO reaction is only limited by the photochromic quantum yield, ϕMCSO, 
which is inherently associated with the reaction. The observed acceleration of the 
MC → SO conversion is a manifestation of the near 100% E, which converts 
the impressive rate of energy uptake on CPN’s part into the creation of MC* 
in a lossless fashion. 
The MC perspective explains the near 100% E as a purely mechanical phe-
nomenon, but it does not touch upon the fundamental structure of the CPN 
that enables the phenomenon in the first place. From CPN’s perspective, the 
energy transfer efficiency, E, should be defined as 
E = kT
kT +krelax +kfl
,
where energy transfer is competing with both non-radiative relaxation and fluores-
cence. This formulation is consistent to the definition of E in our kinetic analysis,
E = kT
kT +kd1
,
in which kd1 encompasses both fluorescence and non-radiative relaxation. When 
an excited fluorophore can access a substantial amount of acceptors and transfer its 
energy non-radiatively, the likelihood of self-contained relaxation becomes negli-
gible,
krelax ≪ kT .
Therefore, we can write 
E = kT
k∑
≈
kT
kT +kfl ,
for a fluorophore with abundant accessible acceptors. In Chapter 3.2, I made a 
Equation (4.1.1.5)
kMCSO[MC]= IMCφMCSO
I0 krelax
kT
kfl
MC*
CPN*
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Stern-Volmer plot from switching and activation data, which relates CPN fluores-
cence to MC concentration. Because fluorescence is proportional to the fluores-
cence quantum yield,
Fl∝φ fl =
kfl
k∑
,
the inverse of the Stern-Volmer relation must have the following form
FlDA
FlD
=
k
donor
∑
k∑
=
krelax +kfl
krelax +kfl +kT
Again using our assumption that, when a substantial amount of acceptors are avail-
able, the relaxation rate constant is negligible, we have
FlDA
FlD
≈
kfl
k fl +kT
.
One of the transforms of the Stern-Volmer plot was the quenching efficiency plot, 
whose y-axis is defined as
1− FlDA
FlD
≈
kT
kfl +kT
≈ E .
Therefore, when the concentration of MC is high, we can interpret the quenching 
efficiency plot as a plot of the energy transfer efficiency E as defined in our kinetic 
formulation. The plot is reproduced in Figure 4.10.
We can now associate our estimate of E derived from the kinetic analysis in this 
chapter to the high level of quenching efficiency discussed in Chapter 3.2. It is 
clear that, when the concentration of MC is high, both quantities approach unity, 
which hints at our assumption above. The near 100% quenching efficiency means 
that CPN* is dissipated most rapidly through energy transfer, releasing very little 
energy in the form of fluorescence. 
However, when it comes to smaller concentrations of MC, the equivalency between 
the quenching efficiency and the energy transfer efficiency breaks down. Figure 
4.10 shows sharply declining quenching efficiency at low [MC], contradicting 
the kinetic formulation which assumes highly efficient transfer irrespective of 
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The quenching efficiency plot 
first shown in Chapter 3.2 can be 
appropriated to explain the high 
energy transfer efficiency E at 
high MC concentrations. 
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[MC]. When there are not many MC acceptors available, excitons newly created by 
absorption have a less certain fate. We cannot neglect the relaxation rate constant 
krelax any more, because the fluorescence quantum yield of PFBT in the absence of 
quenchers is only 13%. As a result, the validity of representing E with the quench-
ing efficiency plot becomes questionable. 
The deviation of E from quenching efficiency affects the formulated rate constant 
of MC switching through Pathway 2. From the photokinetic derivation in Section 
4.1.4, we have
kMCSO =
φMCSOEICPN
[MC]
.
Viewing E/[MC] as a whole, we can visualize the effect of equating quenching 
efficiency with E on kMCSO results with various [MC] (Figure 4.11). The devia-
tion between the constant E model and the quenching efficiency measurements 
becomes apparent for low concentrations of MC. To accurately model the behavior 
of the CPN–MC system with low MC concentrations, we would need to experi-
ment more with a lower MC doping percentage, so that the initial rates and initial 
E values can be better extracted. For now, I will proceed with the imperfect model 
and bear in mind its deficiencies when I interpret the simulation results. 
 Figure 4.12
McNeill's stochastic model which incorporates both 
FRET and exciton diffusion successfully accounted 
for the quenching behavior in the CPN–dye systems 
that his group synthesized. Dots are data taken from 
a PDHF nanoparticle sample doped with coumarin 6. 
The dotted line shows results of the FRET model, the 
solid line the combined FRET and exciton diffusion 
model. Reprinted with permission from Figure 6 in 
ref. 16 L  © 2008 American Chemical Society. 
 Figure 4.11
The photokinetic model and the quenching 
efficiency plot approach the energy transfer 
efficiency E between CPN* and MC differ-
ently. The discrepancy between these two 
approaches manifest in the predicted E/[MC] 
values for various MC concentrations. 
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In their published studies on the photophysics of dye-doped CPN systems, McNeill 
et al attribute the observed quenching between CPNs and dopant dyes to both 
FRET and exciton migration. They studied dye-doped CPN systems similar to ours, 
and used the quenching efficiency plot as a benchmark to test their numerical 
model. The model takes into account the random position of excitons in the CPNs, 
and uses a stochastic method to estimate the aggregate outcome of energy transfer 
versus fluorescence. What governs the movement of excitons in their simulation is 
a simple diffusion equation. By adding in the effect of exciton diffusion, they were 
able to accurately account for the deviation of the quenching behavior from the 
Förster model (Figure 4.12).
Without only static spectroscopic measurements in a particle suspension, it is 
impossible to determine the precise nature of the energy transfer process between 
the CPN excitons and the dopant dyes. The quenching curve of my CPN–MC sys-
tem closely approximates the shape of McNeill’s systems, but it would require more 
rigorous simulation to validate the applicability of his combined model of FRET 
and exciton migration to my system. 
One final consideration needs to be addressed on the mechanism of energy trans-
fer. In the photochemistry literature, one common mechanism that contributes to 
fluorescence quenching is the photoinduced reduction-oxidation, or redox, reac-
tions that can occur between a donor–acceptor pair. This mechanism is referred to 
as photoinduced electron transfer (PET). The thermodynimic 
viability of the PET pathway can be assessed by comparing the 
energy of the donor S0 → S1 transition and the energy required 
to carry out the redox reaction. The difference between them 
is referred to as the change in free energy for charge separation 
(ΔGCS). A negative ΔGCS indicates that the amount of energy that 
could be release in the form of donor fluorescence exceeds the 
net potential of the one-electron redox reaction of the acceptor. 
In that case, PET becomes energetically possible. 
 On energy transfer in 
dye-doped CPN systems, 
ref. 16 L  47 L ; 
in blended CPN systems, 
ref. 34 L  48 L  49 L ; 
relationship with CPN size, 
ref. 38 L  39 L
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Stern-Volmer plots can usually provide some 
insight into the mechanism of energy transfer in 
donor–acceptor pairs. However, because I never 
achieved a high doping percentage with APSO, 
the Stern–Volmer plot of the APSO–doped 
system has greater uncertainty than that of the 
APESO–doped counterpart. Without any direct, 
molecular insight, we cannot prove or disprove 
if PET plays a role in the efficient energy transfer 
observed in the CPN–MC system. 
APESO Ksv = 0.16
APSO Ksv = 0.07
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Redox potentials can be obtained from cyclic voltametry or molecular compu-
tation, and the energy of the S0 → S1 transition approximately corresponds to the 
intersection wavelength between the normalized absorbance and emission spectra 
of the donor. In our case, the PFBT spectra intersect at around 510 nm, which con-
verts to 2.43 eV using the Einstein–Planck relation. Calculations from Kurimoto 
and Frank show that all of the charged combinations of our CPN–MC systems can 
be accessed through PET. However, the thermodynamic calculation cannot predict 
whether or not PET can produce MC*, which is crucial for the photochromic con-
version MC → SO in our system. Without further evidence about the photophysical 
nature of MC*—whether or not it is a charged species—we cannot conclusively 
rule out the possibility of PET in our system. 
Despite the lack of photophysical insight and the apparent viability of PET, I believe 
that our system, with a similar quenching behavior to McNeill’s, relies mainly on 
FRET and exciton migration as its conveyer belt of energy between CPN* and MC. 
The near 100% E indicates the extraordinary relative rate of the energy transfer 
process taken as a whole, while the success of McNeill’s simulations strongly sup-
ports the underlying validity of his model. Regardless of the precise mechanism of 
energy transfer in our system, when viewed from the perspective of the MC pho-
tochrome, highly efficient energy transfer facilitates accelerated switching through 
Pathway 2, while the high-contrast shape of the quenching curve contributes to the 
unique fluorescence switching and activation behavior that I will simulate in the 
next two sections. 
4.2.3 Simulating Fluorescence Switching
The experiments described in Chapter 3.1 were conducted under a discrete set of 
photon flux values. To fully illustrate the effect of continuous irradiation on the 
concentration of the MC isomer in a given CPN–MC system, I now use the dif-
ferential rate laws formulated in Section 4.1.4 to simulate [MC] under a range of 
photon flux inputs and irradiation durations. The simulation loops for the [MC] 
simulations are exactly the same as those presented in Section 4.2.1. What were 
then used to extract rate information from kinetic traces can now be applied to 
calculated or hypothetical parameters in order to simulate the same experiments. 
Before running the simulations, we first need to obtain the full set of photokinetic 
parameters in the expanded version of the differential rate laws. For Pathway 1, or 
direct excitation, we have
 −
dAbs570
dt
= (I0FεMClφMCSO +kSOMC )Abs570 −kSOMCAbs570 ,
and for Pathway 2, or excitation through CPN, we have
 −
dAbs570
dt
=φMCSOEI0F lεCPN[CPN]+kSOMCAbs570 −kSOMCAbs570 .
l is the length of the liquid body measured along the axis of irradiation. The 150 
μL sample in the mini-cuvette measures 0.269 cm in height. To obtain ϕMCSO, we 
have to re-examine the orange data in Figure 4.9, which shows a linear relation-
ship between kMCSO measured through Pathway 1 and input photon flux at 590 nm. 
 ref. 28 L  29 L  
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From (4.1.3.7), we have
 φMCSO =
kMCSO
I0
1
FεMCl
.
εMC = 2.03 × 104 M-1 cm-1 at 590 nm in water, which is derived proportionally from 
the extinction coefficient of APESO in water at its λmax , 24000 M-1 cm-1. F = 2.26 
from the initial absorbance at 590 nm. We have
 φMCSO =
366M−1
2.26×2.03×104M−1 cm−1×0.269cm
=3.0% .
Now, for any given set of initial Abs570 and input photon flux, we have all the 
parameters needed to simulate the change in Abs570 through time as predicted 
under Pathway 1. Abs570 is in turn converted to [MC] by the Beer-Lambert law. 
Similarly, to simulate Pathway 2 switching, we use the linear relationship found 
between kMCSO and I0 to rewrite our our photokinetic formulation
 kMCSO[MC]= I0φMCSOEF lεCPN[CPN],
Recognizing that εCPN[CPN] = Abs455, and using the Beer-Lambert law again to 
transform [MC] into Abs570, the simulated rate law becomes 
  −
dAbs570
dt
=φMCSOEI0Abs455F l+kSOMCAbs570 −kSOMCAbs570 ,
which has all the parameters ready for simulating the change of [MC] through 
time. 
Figure 4.14 shows simulated kinetic traces that track MC absorbance during 5 sec-
onds of continuous irradiation, under both Pathway 1 and 2. Increasing the density 
of sample photon flux inputs and spacing the results into a third dimension, we 
can create a 3D plot relating [MC] to input photon flux and duration of irradiation 
(Fugure 4.15). We can now vividly see that the 590 nm LED source is much less 
effective at switching the MC isomer, as experimental data have shown. 
It must be noted that the differential rate laws do not account for any other process 
beyond the MC → SO and SO → MC reactions. As described in Chapter 3.1, long 
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Deterministic simulation of MC 
switching based on the photoki-
netic model, using the starting 
concentration of MC from one of the 
standard CPN–MC samples, VL113. 
The top panel shows two surface 
plots that relate MC concentration 
to irradiation time and photon flux. 
For every given set of input condi-
tions, Pathway 2 switching is always 
more effective than Pathway 1. The 
bottom panel shows the Pathway 2 
surface as a contour plot, with each 
contour line indicating a certain frac-
tion of MC left unswitched, which is 
equivalent to normalized [MC] in the 
top panel. 
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irradiation times and large photon flux, especially using the 455 nm LED source, 
cause the spirooxazine dye to permanently lose its MC absorption band around 
560 nm. The irreversible loss of the MC isomer, known as photobleaching, is not 
simulated in the current model. To best see the conditions that would mostly likely 
cause extensive photobleaching of MC in a real experimental setting, we present 
the same simulation result in the form of a contour plot (Figure 4.15). Qualitatively, 
the range of photon flux and irradiation time values that gives rise to complete 
switching, or zero [MC], mostly coincides with the conditions for photobleaching, 
shown in lighter parts of the plot. The implication of MC photobleaching will be 
further discussed in Chapter 5.1. 
Finally, we may relate [MC] to CPN fluorescence using the Stern-Volmer or 
quenching efficiency plot first shown in Chapter 3.2. This last leg of the simulation 
is based purely on empirical data, and does not involve any first-principle photo-
physics. The quenching efficiency, which was calculated as
 q=1−
FlCPN−MC([MC])
FlCPN
,
can easily be manipulated to give the fluorescence of the CPN–MC system at any 
given [MC] as long as FlCPN in the absence of MC is known,
 FlCPN−MC([MC])= FlCPN (1−q) .
Similar to when I made the quenching efficiency plot, I now use the fluorescence 
reading of the fully activated CPN–MC system as FlCPN, or the fluorescence of the 
CPN fluorophore without any MC quencher. The resulting surface plots are shown 
in Figure 4.17. 
Clearly, the characteristics of the quenching plot dictate the shape of the simulation 
results. With Pathway 1, the amount of MC that can be switched is so small that 
the fluorescence of the system can never slide past the shallowly sloping end of the 
quenching plot. But with Pathway 2, much more MC can be switched in a timely 
fashion so that fluorescence can start to increase significantly, which corresponds 
to the steeper end of the quenching plot. In other words, the effect of MC switch-
Section 3.2.1
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The quenching plot can be transformed to 
relate the fluorescence of the CPN–MC system 
(FlCPN–MC) to MC concentration, normalized by 
unquenched fluorescence. A polynomial fit of 
the plot, combined with Figure 4.15, produces 
yet another pair of deterministic surface plots 
which describe fluorescence switching under 
both pathways (fdafd in Appendix D).
 Figure 4.17
Pathway 2 fluorescence switching is far more 
efficient than Pathway 1 even without factoring 
in enhanced MC photobleaching observed with 
455 nm irradiation, a phonemonon that is not 
considered in the photokinetic model. 
VL116
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ing is enhance when it is translated into CPN fluorescence via the quenching rela-
tionship. As a result, the simulated level of fluorescence rises almost vertically into 
a plateau, on which all MC particles have been switched, and CPN fluorescence 
rebounds to the unquenched state. Taking the entire MC population as a whole, we 
can even simplify the system to a simple, binary switch. A given set of irradiation 
time and photon flux locks the system into a certain relative MC concentration, 
which in turn outputs a given fluorescence value.  
It is tempting to see the system in such a deterministic, binary picture, but the 
molecular dynamics that underlies the superficial phenomenon which I deem 
switching or quenching is much more complex. For one, the deterministic picture 
fails to take into account the non-equilibrium nature of the CPN–MC system at any 
given point in time during continuous irradiation. Photon flux is a bulk observable 
for a dynamic process, and the practice of attributing a static fluorescence reading 
averaged over a sub-second interval to a precise moment is deeply problematic. In 
the final part of the thesis, I will explore how one might extrapolate and expand on 
this interpretive paradigm in order to create dye-doped CPN systems that fulfill 
different functional goals. But before that, I will use the final section of this chapter 
to explore some critical limitations of the narrative presented thus far. 
FlCPN–MC
FlCPN
Photon Flux
(×10-5 M s-1)Time (s)
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4.2.4 Single Color Switching and Readout
One unique feature of our CPN–MC system is that the most effective pathway that 
drives fluorescence modulation accesses the same CPN excited state which leads to 
fluorescence. We modulate MC concentration by exciting the system with the 455 
nm LED source, and simultaneously detect the static fluorescence of the quenched 
CPN using the 455 nm beam in the fluorimeter. The traditional method of fluores-
cence switching uses an orthogonal approach that addresses the excited state of the 
dye with one wavelength while exciting the fluorophore with another. Fluorescence 
switching can be explained using the simple picture of fluorescence quenching, 
as a Stern-Volmer or quenching efficiency plot conveys. Switching quenchers to 
another form reduces the quencher population, therefore enhancing the fluores-
cence of the donor. But to explain our phenomenon of single color control and 
readout, we have to understand the influence of one critical factor, the relative 
photon flux of the excitation beam that probes fluorescence and the external light 
source that performs the switching experiment. Bear in mind that the excitation 
beam in the fluorimeter has a small focal point. The effect of the beam on the liq-
uid sample, when averaged across the entire solution which diffuses light through 
Brownian motion, is much smaller than if it was focused on a single molecule. To 
best understand this factor, we have to digress from our familiar paradigm of fluo-
rescence quenching and consult instead a classic Jablonski diagram, which maps 
out the possible transformations that a quantum state can undergo and analyzes 
their relative probability. On the right is a simplified Jablonski diagram outlining 
the possible pathways by which CPN* or, more accurately, an exciton within a 
CPN can diffuse or relay its energy in order to return to its ground state. 
As proposed in Section 4.2.2, exciton diffusion and FRET taken together may 
offer a good explanation for the energy transfer behavior observed in our CPN–
MC system. To be consistent with my previous notation, I will write the combined 
rate constant of the energy transfer process as kT. However, instead of associating 
this rate constant with the static observables used to create the quenching effi-
ciency plot in Chapter 3.2, we now consider it purely as a dynamic property. kT is 
the inverse of τET , the lifetime of an exciton before it starts to diffuse or engage in 
energy transfer. It is constantly competing with kfl , the fluorescence rate constant, 
whose inverse is the fluorescence lifetime, τfl . At any given moment, the fluores-
cence quantum yield, which is directly proportional to the average fluorescence 
observed by a fluorimeter, can be expressed as follows:
 
Fl∝φ fl =
kfl
k fl +kT
=
1
1+τ flkT .
We have observed that changing the available [MC] in the vicinity of any CPN 
exciton alters kT for the exciton. But since [MC] varies on a timescale of seconds 
(kMCSO ~10-1 s-1), kT also varies on that same timescale. This contrasts greatly with a 
fluorescence event, which occurs on a nanosecond timescale (kfl ~109 s-1). A static 
fluorescence measurement in the fluorimeter takes the average of millions of fluo-
rescence events over a sub-second timescale to register one reading. Assuming that 
I0 krelax
kT
kfl
MC*
CPN*
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the fluorimeter beam does not perturb the system, kT should barely change during 
the time it takes the fluorimeter to record one reading. As a result, it is reasonable 
to treat each fluorescence reading as derived from a quasi-stable system with a 
fixed set of kT and kfl . The rate at which these static fluorescence readings change 
will in no way couple or interfere with the readings themselves which are rooted in 
an event that takes place on a much shorter timescale. 
The explanation above conveniently places the most critical assumption in a sensi-
ble and fitting narrative. For single color control and readout to work, the fluorim-
eter beam must cause negligible perturbation in [MC] compared to the external 
LED source. It would be quite clumsy to explain the same behavior using only the 
quenching efficiency plot, because it seems to reflect in one single y-axis both the 
static property of fluorescence intensity (FlCPN–MC) and some kind of quantum scale 
phenomenon of fluorescence quenching. 
One may also explain that the dark state of the CPN–MC system exhibits a stable, 
low fluorescence reading when probed by the fluorimeter beam because the rate 
of switching achievable with the intensity of the instrument beam cannot take the 
system beyond the shallowly sloping part of the quenching curve (Figure 4.16). 
Generally, under continuous irradiation of a given photon flux, we can calculate an 
equilibrium concentration for MC by setting the rate of change of [MC] to zero:
 −
d[MC]
dt
=φMCSOEICPN +kSOMC[MC]−kSOMC[MC]0 =0
 [MC]eq =[MC]0 −
φMCSOEICPN
kSOMC
.
For [MC]eq ≈ [MC]0 so that [MC]eq – [MC]0 reflects minimal change in fluores-
cence, the system needs to fulfill two criteria. A large enough [MC]0 that resides 
within the shallowly sloping portion of the quenching plot, and a small enough ICPN 
that makes the difference [MC]eq – [MC]0 negligible. A CPN sample doped with 
too little MC fails the first criterion. In that case, [MC] lies towards the steep end 
of the quenching plot, and the 455 nm excitation beam in the fluorimeter would be 
strong enough to cause a slow but noticeable enhancement of fluorescence through 
time without any LED irradiation. 
In conclusion, our CPN–MC system can be switched and probed using the same 
wavelength light that accesses the CPN excited state, because the system has an 
excess of MC and the photon flux from the excitation beam is much smaller than 
that from the LED source. The delicate calculus of the CPN exciton can be suc-
cessfully probed with a negligible excitation beam and simultaneously written in a 
much slower fashion with a strong external light source. 
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Part V
Reflection
& Outlook
Images were first made to conjure up the appearances of something that was absent. 
Gradually it became evident that an image could outlast what it represented; it then 
showed how something or somebody had once looked—and thus by implication 
how the subject had once been seen by other people. Later still the specific vision 
of the image-maker was also recognized as part of the record. An image became a 
record of how X had seen Y. This was the result of an increasing consciousness of 
individuality, accompanying an increasing awareness of history. It would be rash to 
try to date this last development precisely. But certainly in Europe such conscious-
ness has existed since the beginning of the Renaissance. 
     — John Berger, Ways of Seeing
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In Part IV, I developed a photokinetic model in order to understand the behavior 
of the standard CPN–MC system. It became clear that an accurate characteriza-
tion of the energy transfer process between CPN and MC was crucial to properly 
predicting the fluorescence response of the system. The original motivation of this 
study was to refine the design of a photoswitch that has potential application in 
super-resolution fluorescence microscopy. After finishing the mechanistic study 
presented in the thesis, I now have more insight into the system and input parame-
ters that may strongly influence the performance of the pcFRET-type photoswitch. 
In the first section of Part V, I will enumerate some important criteria for adapting 
the dye-doped CPN for stochastic fluorescence microscopy, focusing on the chem-
ical and physical modifications that will enhance the contrast, reliability, and flexi-
bility of the system. In the second section, I will discuss the possibility of using the 
energy transfer property of CPN excitons to accelerate other chemical reactions. 
5.1 A Better Photoswitch
A typical super-resolution fluorescence microscopy setup such as STORM uses 
an external activation light to stochastically switch on the fluorescence tags that 
are densely located within the target imaging area. Normally, a UV laser beam 
functions as the activation light, followed by a visible light imaging beam to probe 
the fluorescence. The brevity of the activation pulse ensures that only a sparsely 
spaced set of fluorophores are activated. When enough photons are collected, a 
computer algorithm calculates the fluorophore’s location as the maximum of a fit 
model which approximates the actual point spread function. A second UV beam 
then immediately bleaches the activated fluorophores to ensure that they are not 
imaged again. By repeating the process many times, the computerized microscope 
is able to pinpoint the locations of a large number of fluorophores, thus deriving a 
super-resolution image of the target structure. 
Our conjugated polymer nanoparticle has a much smaller diameter than the dif-
fraction limit of visible light, and if we can establish a reliable activation procedure, 
it does not require UV light to be activated. However, one photochemical obstacle 
precludes our current system from being used directly in a STORM-type experi-
ment. Because the polymer PFBT cannot be easily bleached, all imaging attempts 
 For different quan-
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 Figure 5.1
Complete photochemical reaction scheme for 
the CPN–MC system under Pathway 2 excitation. 
MC photobleaching can be harnessed for acti-
vation, and CPN photobleaching is crucial for 
STORM–type microscopy experiments. 
 Figure 5.2
I used the photokinetic model to estimate the time it 
would take for the 455 nm LED to cause a quadrupling 
of fluorescence reading in the CPN–MC system. The 
lower the photon flux, the more sensitive the switch-
ing time is to a small change in the energy transfer 
efficiency, E. 
67
after a certain set of CPNs are activated will reproduce their images. This means 
that resolution will rapidly decline after several cycles of activation. Yet if we design 
a different kind of activation experiment, the CPN–MC system might function in a 
similar fashion and generate similar results. 
The modification toolbox at our disposal includes the intensity and duration of 
the activation beam, which can be tailored into sophisticated sequences. It also 
includes the basic configuration of the dye-doped nanoparticle. We might reason-
ably imagine a functionally similar system with a different dye or made of a differ-
ent polymer. These variations afford different levels of energy transfer efficiency 
and switching quantum yields. Finally, we can adjust the excitation and detection 
wavelength of the imaging instrument, as well as modify the imaging duration. 
We have already seen that our system performs reversible switching with good 
fidelity, owing to efficient quenching by a large dye population and a bright fluo-
rophore. The imaging system could simply take advantage of this natural revers-
ibility to reshuffle the fluorophores in its target. We have seen that in Pathway 2 
experiments the rate constant of the MC → SO conversion responds sensitively to 
incoming photon flux (Figure 4.9). With a powerful beam and a shallow sample 
depth, switching on the fluorescence of the CPNs by dozens of times would take 
less than one second. But efficient energy transfer also inevitably feeds the photo-
bleaching of the dye (Figure 5.1). From my experience with dye-doped CPN sam-
ples, the duration of exposure is critical to limiting the effect of dye bleaching. But 
from a theoretical standpoint, the most effective improvement should 
be enhancing the quantum yield of dye conversion while not sacrific-
ing the high energy transfer rate. Simulations using the photokinetic 
model and the quenching dataset show that a higher dye quantum 
yield also results in enhanced sensitivity of the system to input photon 
flux (Figure 5.3). An overly sensitive photoswitch would respond too 
readily to a stochastic activation signal. To switch on a sparse set of 
 Figure 5.3
The effectiveness of various hypothetical 
combinations of E and ϕ on the extent of 
fluorescence switching after 5 seconds 
of irradiation. To maximize control in the 
intensity domain, the photoswitchable 
system needs to have a balance combina-
tion of efficiency energy transfer and low 
inherent quantum yield.
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fluorophores, the input intensity has to fall in a very narrow window, which under-
mines the precision of activation control. A good combination of efficient transfer 
and low dye quantum yield should afford minimum bleaching and maximum 
control in a pulse switching experiment. 
Once a set of nanoparticles are switched on by the activation beam, the SO species 
generated from the photoconversion will start to switch back. Compared to the 
switch-on process, the switch-off process has a much slower rate. The quenching 
plot and the derived expression of equilibrium [MC] both show that below a sharp 
threshold, a weak, continuous Pathway 2 beam cannot outcompete the SO → MC 
reaction. It instead induces CPN fluorescence and tracks the declining emission 
intensity until [MC] is restored to an equilibrium level. During this time, a detector 
can count the emitted photons in preparation for localization. After this period of 
imaging and recovery, as long as the system is restored to its pre-irradiation state, 
the next pulse of irradiation should randomly switch on another set of nanopar-
ticles, with a small but not nil probability of activating the same ones as the first 
pulse did.
As I concluded in the previous part, Pathway 1 excitation in our system is far less 
effective than Pathway 2, which relies on the excellent absorptivity of CPN as an 
energy funnel. So, to achieve high contrast switching, the CPN–MC photoswitch 
needs to be operated with a single wavelength light. Although the orthogonal 
approach is still prevalent in imaging applications, our single wavelength approach 
offers some key advantages. It avoids a pulse sequence that alters between multiple 
wavelength, allowing more room for other potentially useful photochemistry on 
the wavelength scale. The use of visible light in place of the traditional UV irradia-
tion also makes the photoswitch more amenable to in vivo applications. 
Figure 5.4 shows a proposed pulse sequence that should theoretically achieve mul-
tiple cycles of stochastic activation and imaging. In this reversible approach, the 
fidelity of MC recovery will certainly deteriorate with repeated activation, leading 
to declining signal-to-noise ratio for each successive imaging period. The effect of 
dye bleaching creates a positive feedback loop, where a nanoparticle that has been 
previously switched on is more vulnerable under repeated irradiation. As a result, 
the time-aggregate resolution will also decrease rapidly during repeated activation. 
Therefore, the reversibility of the MC–SO reaction must be impeccable for this 
scheme to properly function. 
The greatest difficulty of applying synthetic fluorescence probes to super-resolution 
microscopy has been their initial introduction into the cellular environment. The 
entire photoswitchable system needs to be transported through the cell membrane 
with minimal interruption or damage to the existing structure and dynamics of 
 For bioconjugation of 
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the cell. The 13 nm size of dye-doped nanoparticle and its compatibility with the 
aqueous environment seem to bode well for cell uptake. In November of 2015, we 
collaborated with Professor Allison to perform some preliminary in vivo testing on 
the CPN–MC system. Following literature practice, we added a dilute portion of 
the nanoparticle suspension into the culture medium of HeLa cells. After incuba-
tion overnight, however, the nanoparticles either aggregated or caused significant 
damage on the cells themselves. The vast majority of the nanoparticles remained 
outside the cell membrane. For the second attempt, we used the Lipofectamine 
transfection reagent to assist nanoparticle uptake into the cells. This time, we 
observed significantly better uptake into well-formed cells, but the doped CPNs 
did not remain dark. Both the blank and the doped samples exhibited 
bright fluorescence in cells when imaged under a 20x fluorescence 
microscope. If we were to deploy our CPN–MC photoswitch for in 
vivo imaging applications, we need to further improve the reversibility 
and robustness of the system while reducing its cytotoxicity. 
5.2 CPN as Reaction Accelerator
The success of our CPN–MC system prompted us to con-
sider the possibility of accelerating any photochemical 
reactions in a CPN vehicle with efficient energy transfer 
(Figure 5.6). One particular reaction caught Professor 
Harbron’s attention. In 2015, Smith and Winter reported a 
BODIPY-derived protecting group which can be removed 
upon green irradiation. The deprotection reaction involves 
the photolysis of an ester moiety covalently attached to a 
 Figure 5.5
Composite image of CPN–
doped HeLa cells under blue 
irradiation and plain light. The 
nanoparticles were incubated 
with the cells overnight, and 
Lipofectamine was added to 
promote cell intake. Before 
imaging, the cell sample was 
washed to remove all nanopar-
ticles that were not absorbed 
into the cell membrane.
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We imagine that the dye-doped CPN 
model can be applied to accelerating 
other photochemical reactions that 
have inherently low quantum yields. 
Here, A → B represents a generic photo-
chemical reaction accessed through the 
intermediate A*. 
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commercially available BODIPY dye named Pyrromethene 605 (PM). Similar to 
the characteristics of our CPN–MC system, the PM fluorophore has an absorption 
peak that overlaps well with the fluorescence peak of the PFBT CPN, indicating 
the viability of a non-radiative energy transfer pathway (Figure 5.7). The reported 
quantum yield of the photolysis is quite low. To detect the photolysis with fluores-
cence spectroscopy, the researchers replaced the original acetyl group with a larger 
2,4-dinitrobenzoyl (DNB) group. The DNB moiety is known to quench the fluores-
cence of the PM fluorophore. They showed that, before photolysis, the fluorescence 
of the PM–DNB fluorophore was well quenched, but after photolysis under irradia-
tion, the quencher moiety was cleaved and the fluorescence of the PM fluorophore 
recovered. 
Hank Hannon and I synthesized the PM–DNB dye using a standard estifica-
tion procedure and prepared PFBT nanoparticles that were doped with the new 
dye. Preliminary studies with the crude dye product showed significant accelera-
tion of the photolysis reaction, as examined using fluorescence spectroscopy. The 
455 nm excitation light was far more efficient in exciting the fluorescence of the 
PM fluorophore. The 455 nm LED source also accelerated the photolysis reaction 
compared to the 530 nm source (Figure 5.8). 
Conjugated polymer nanoparticles are capable of accelerating a wide variety of 
chemical reactions. Our group is currently conducting research on the possible 
facilitation of another photoisomerization reaction which could release stray 
protons into the surrounding solution, and thus altering its pH. The pH-me-
diated photoisomerism of rhodamine derivatives can also be performed using 
PFBT nanoparticles as an energy amplifier. The advantage of CPN chemistry lies 
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The photolysis reaction can be ac-
cessed by irradiation at the λmax of the 
PM fluorophore or at that of the CPN. 
We used the quenching property of 
the DNB moiety to monitor the effi-
ciency of the reaction. 
 Figure 5.8
The overlap between the 
absorption spectrum of PM and 
the fluorescence spectrum of 
PFBT inspired us to see the CPN–
PM system as analogous to the 
CPN–MC system. Excitation 
through the CPN revealed faster 
photolysis as well as better 
detection of the resulting shift 
in PM peak fluorescence. 
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in its impressive capacity to retain excitation and supply broad-band energy to 
photoactive molecules. Such a powerful source of excitation will enable difficult 
photochemical reactions to run at a reasonable rate. As a result, imaging and 
chemical detection methods that rely on known photochemistry can potentially 
be conducted with higher precision and efficiency through CPNs. Novel methods 
of bond cleavage and the subsequent release of medicinal moieties are also active 
research topics in the pharmaceutical sciences. Basic research into the mechanisms 
of energy transfer within dye-doped CPNs will continue to advance, while these 
particles and other types of nanoscale devices continue to develop as promising 
tools for chemists and biologists. 
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